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CHAPTER 1.  INTRODUCTION 
 
Seed Dispersal 
     Seed dispersal is the movement of seeds away from a parent plant.  Various dispersal agents, 
including gravity, wind, water, and animals move seed to new areas.  These abiotic and biotic 
vectors not only reduce competition with the parent plant for the resources of sunlight, water, 
soil nutrients, and space, but contribute to gene flow between populations, enable seedlings to 
colonize larger areas, and create the opportunity to escape host-specific pathogens (Janzen, 
1970; Holbrook et al., 2002).  The spatial distribution of seed dispersal is the seed shadow, and 
this pattern determines the range of establishment for each generation of plants.  The seed 
shadow of a particular species can vary greatly, and is dependent upon the effectiveness of a 
given dispersal vector, landscape topography, and ecosystem type, as well as the timing and 
duration of the plant’s seed dispersal period (Howe &  Smallwood, 1982).  Effective dispersal is 
determined by both the quantity and quality of the dispersal mechanisms that combine to 
increase plant fitness.  
     Several dispersal agents may be involved in the movement of a single seed, and 
morphological adaptations that determine local dispersal of a plant species may play a 
subordinate role in the long distance dispersal (>100m) of seeds (Nathan et al., 2008).  
Epizoochory (the exterior transport of plant seeds by adhesion to animal fur or feathers) and 
endozoochory (the dispersal of seeds within the body of an animal, passing through the 
animal's digestive system), may have significant impacts on the distribution of plants in many 
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ecosystems (Howe &  Smallwood, 1982).  Large migratory vertebrates that act as vectors for 
seed dispersal have the potential to increase the seed shadow of a given plant species 
exponentially.  This type of long distance dispersal may be necessary for range expansion and 
maintaining genetic diversity in some plant communities.  The interdependence of seeds and 
their dispersers has led to a host of co-evolutionary interactions between plant and animal 
partner species.  Large scale patterns of biodiversity, specialized life history traits and the 
sequence of seasonal changes in natural ecosystems have been shaped by this evolutionary 
process (Fleming, 2005).  Roughly 60–80% of all forest plant species rely on animal-mediated 
seed dispersal for their natural regeneration cycles (Jordano, 2010).  The extent to which 
grassland plant species rely on animal-mediated dispersal is not well understood.  In highly 
fragmented grassland ecosystems of central North America the extinction or removal of key 
animal dispersal vectors may eliminate or reduce seed dispersal, with important impacts to 
remaining plant communities. 
Bison 
     Historically, bison (Bison bison) had the greatest range of any large herbivore in North 
America (Isenberg, 2000) and were limited only by the availability of suitable graminoids for 
forage.  Nearly driven to extinction in the late 19th century, bison herds have recovered due to 
large scale conservation efforts, and are now present on private and public grasslands 
throughout central and western North America.  However, the majority of grassland remnants 
east of the Missouri River have been without bison for over a century.  
     In large herds, bison segregate themselves by sex and age class. The largest herds are formed 
of cows and calves, along with males under 3 years old (Berger &  Cunningham, 1994).  These 
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matriarchal bands are often led by one or more older females.  Huge numbers of bison from 
multiple herds may join together during the mid-summer breeding season when adult males 
seek out cow-calf groups (Bowyer et al., 2007).  Bachelor herds disperse in late summer, after 
the breeding season, forming small bands of similar aged mature bulls.  Older lone bulls that no 
longer participate in the rut may remain solitary throughout the year (Knapp et al., 1999; Post 
et al., 2001; Maichak et al., 2004; Mooring et al., 2005; Rosas et al., 2005; Bowyer et al., 2007). 
     Matriarchal bands with nursing calves seek out high quality forage, such as new grass growth 
in recently burned areas, while groups of adult bulls actively select for older stands of grass, 
presumably choosing forage quantity over quality (Coppock &  Detling, 1986; Coppedge &  
Shaw, 1998; Kagima &  Fairbanks, 2013).  All bison regardless of sex or age class prefer grasses 
and sedges over broadleaf forbs (Coppedge et al., 1998b), but mature bulls select diets with 
higher proportions of C4 grasses than cow-calf herds (Post et al., 2001; Rosas et al., 2005).  
These differences in habitat selection may produce varied results in seed dispersal abilities. 
     Unlike domestic ungulates, bison also create microhabitats of bare soil through wallowing 
behaviors (Knapp et al., 1999; Coppedge &  Shaw, 2000; Trager et al., 2004).  Bison wallows 
may help create bare ground for forb species that would not otherwise be able to compete in 
dense stands of grasses (Polley, 1984; McMillan et al., 1997).  These physical alterations of the 
landscape increase environmental heterogeneity and enhance biodiversity (Hartnett et al., 
1996).  
     Nineteenth century accounts document movement patterns of bison, in varying intensity 
depending upon forage conditions, throughout the Great Plains (Epp, 1988).  Anecdotal 
evidence from hunters on the plains suggests that bison formed distinct herds, each with its 
4 
 
own range and pattern of migration (Hart, 2001).  One 19th century observer concluded that, 
"These migrations were exceedingly erratic, depending somewhat on climate, but principally on 
the supply of grass." (Dodge, 1882).  Recent analyses of serial stable isotopes from prehistoric 
bison tooth enamel suggest that bison in the tallgrass prairie region had a limited (< 50 km) 
annual home range radius, with more extensive movement patterns (< 500 km) over periods of 
several years (Widga et al., 2010).   
     Conservative estimates tally the historic bison population at 28 million animals (Flores, 
1991).  Although greater numbers of bison were found in the western shortgrass prairies, some 
researchers have suggested that a greater density of bison could have been supported 
historically in eastern tallgrass prairies (Knapp et al., 1999).  Even if only a small proportion of 
viable seeds transported by bison were able to germinate and compete in established plant 
communities, the multiplicative effect of dispersal by so many migrating animals would have 
had tremendous impacts on grassland ecology.  
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CHAPTER 2. BISON-MEDIATED SEED DISPERSAL AND ABIOTIC SEED RAIN IN A 
TALLGRASS PRAIRIE RECONSTRUCTION 
A paper to be submitted to Restoration Ecology 
Peter G. Eyheralde and W. Sue Fairbanks 
ABSTRACT 
     Bison-mediated seed dispersal may be a critical ecological process that has been eliminated 
in grassland ecosystems by the removal of this keystone species.  In this study of epizoochory 
and endozoochory by bison, we installed funnel seed traps on 50, 50-m transects on the Neal 
Smith National Wildlife Refuge in south central Iowa, to compare the composition and density 
of seed species dispersed by bison with the abiotic seed rain in a tallgrass prairie 
reconstruction.  Seed trap, dung, and shed hair samples were collected monthly from April 
2011 through November 2013.  Hair samples were clipped directly from bison at the end of the 
plant growing season during annual November round-ups.  Seeds were identified and classified 
as native or non-native, by plant functional group, and by diaspore characteristics.  A diverse 
mix of epizoochorus seeds, wind dispersed propagules, and seeds with smooth, rounded 
diaspores in bison dung, shed hair, and attached to the animals, suggests that bison are 
generalist dispersers of both forbs and graminoids.  Bison dung contained seeds in similar 
proportions to those collected in seed traps.  Shed bison hair contained a significantly greater 
proportion of both native species and grass seeds than were found in bison dung or seed trap 
samples.  Seed compositions in shed hair and dung appeared to be influenced by the phenology 
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of seed production, the foraging behavior of bison, and the movements of bison through a 
variety of vegetation types. Bison are the dominant grazers in many large public and private 
grasslands of western North America.  Conservation herds are growing and are being 
reintroduced to both newly reconstructed prairies and remnant prairies that have been without 
this keystone species for over a century. Our study provides needed information concerning the 
potential for bison to act as seed dispersal agents in these often fragmented ecosystems.  
Keywords:  bison, epizoochory, endozoochory, seed dispersal, tallgrass prairie, restoration 
Introduction 
     North American bison have been considered a keystone species in the evolution of tallgrass 
prairie ecosystems due to grazing, wallowing behaviors, and nutrient redistribution through 
defecation, urination, and carcass decomposition (Knapp et al., 1999).  However, bison also 
have great potential to be effective seed dispersers (Constible et al., 2005; Rosas et al., 2008; 
Kulbaba et al., 2009).  The majority of the work addressing vertebrate seed dispersal has 
focused on endozoochory (ingestion and defecation of viable seeds) by frugivores in forest 
habitats (Harms et al., 2000; Tang et al., 2008; Blake et al., 2009).  Additional studies indicate 
the potential for epizoochory (adherence of seeds to animal hair, feathers or feet) to be 
important processes in grassland ecosystems (Rosas et al., 2008; Will &  Tackenberg, 2008; 
Hovstad et al., 2009; Kulbaba et al., 2009; Wessels-de Wit &  Schwabe, 2010; Freund et al., 
2014). 
     Bison may have been a particularly important mechanism for grassland seed dispersal 
historically, as well as today, not only by ingesting seeds and by seed attachment and 
detachment from their hair, but also by shedding winter hair in large, seed-laden clumps in 
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spring and summer.  While most seeds do not disperse far from the parent plant (Okube &  
Levin, 1989; Wilson, 1993), capacity for long-distance seed dispersal (>100 m) determines the 
ability of plants to persist in a fragmented landscape, to respond to restoration activities, and to 
respond to climate change (Cain et al., 2000; Higgins et al., 2003). Rare, long-distance dispersal 
events are required to explain the rapid, post-glacial migration of many plant species in North 
America (Clark et al., 1998), and dispersal by large mammalian herbivores is a possible 
mechanism (Pakeman, 2001). 
    Reconstruction and restoration are primary conservation strategies used in tallgrass prairies 
due to the tremendous loss of this ecosystem (Samson et al., 2004).  Many of the tallgrass 
remnants are small, and native plant species are subject to competition from woody species 
and non-native invaders.  In recent years there has been a concerted effort by grassland 
managers to increase the diversity of plant species in restored prairies, but as stated by Janzen 
“what escapes the eye, however, is a much more insidious kind of extinction: the extinction of 
ecological interactions”(Janzen, 1974).  Strong evidence suggests that fire and large, native 
grazers were major forces in the evolution and maintenance of prairies in North America 
(Hartnett et al., 1996; Trager et al., 2004; Fuhlendorf et al., 2009; Spasojevic et al., 2010) but 
currently only fire is consistently used as a tool in prairie restoration.  The loss of bison-
mediated seed dispersal in most prairie fragments may increase the rate at which patchily 
distributed plant species are lost due to isolation and reduced colonization abilities.  
Conversely, fragments large enough to support bison may increase the persistence of native 
species, including those that are patchily distributed or naturally rare.  
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     If our goal is to restore, as close as possible, a functioning ecosystem, major ecological 
processes such as seed dispersal must also be restored.  As vehicles for seed dispersal, bison 
may act to aid in the restoration process of tallgrass prairies by dispersing native species, or 
hinder the establishment of native plant species by spreading non-native competitors.   
     The purpose of this study was to evaluate the role of bison in the dispersal of native and 
non-native seed species, as well as diverse plant functional groups, in a tallgrass prairie 
reconstruction.  If bison preferentially forage in areas with greater proportions of native plant 
species (Kagima &  Fairbanks, 2013), more native seeds may be dispersed, both by 
endozoochory and epizoochory.  Alternatively, bison may disperse more non-native seeds if 
undesirable plants present in these areas produce greater quantities of seeds than native 
species (Howe &  Smallwood, 1982), or if non-native seeds are more frequently associated with 
morphologies that adhere well to hair.  We predict that, based on their diet (Kagima &  
Fairbanks, 2013), endozoochorous dispersal by bison will be biased toward graminoid species.  
The objectives of our research were to determine: (1) whether bison disperse greater quantities 
of native or non-native seeds (2) if there are differences in the species and morphology of seeds 
transported in bison dung versus those in hair, (3) whether the composition of seed species in 
bison hair and dung differs by season and plant dispersal phenology, and (4) whether the seed 
accumulation of abiotic seed rain differs from that found in bison dung, clipped hair, and shed 
hair.    
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Methods 
Study site  
     The United States Fish and Wildlife Service (USFWS) Neal Smith National Wildlife Refuge is a 
2,104-ha reconstructed tallgrass prairie, located in Jasper County, Iowa, USA.  Prior to the 
beginning of prairie reconstruction in 1992, land use included corn (Zea mays) and soybean 
(Glycine max) rotations and scattered non-native, cool-season pastures.  Bison were introduced 
to the site in 1996, and at the time of this study, the USFWS maintained a herd of 56 - 89 bison 
in a 303-ha enclosure near the center of the refuge. Throughout the refuge, tallgrass prairie is 
managed with controlled fire and occasional mowing and spot spraying of invasive weeds.  
Within the bison enclosure, 20 native prairie plantings of roughly 14 ha each were seeded with 
local ecotype seed mixes from 1992 to 2001.  These established reconstructions are now 
dominated by native warm season grasses, Andropogon gerardii (big bluestem), Sorghastrum 
nutans (Indian grass) and Schizachyrium scoparium (little bluestem), as well as native forbs, 
Ambrosia artemisiifolia (common ragweed), Solidago canadenis (Canada goldenrod), Helianthus 
grosseserratus (sawtooth sunflower), Ratibida pinnata (gray-headed coneflower), Solidago 
rigida (stiff goldenrod) and Chamaecrista fasciculate (partridge pea).  About 50 ha of the bison 
enclosure were left as non-native pasture, dominated by Poa pratensis (Kentucky bluegrass), 
Bromus inermis (smooth brome grass), Trifolium pretense (red clover), and Trifolium repens 
(white clover).  These introduced species, as well as the non-native forb Daucus carota (Queen 
Anne’s lace) now occur throughout the bison enclosure.  Remnant riparian woodlands exist 
along some creeks, while open drainages are dominated by the invasive grass Phalaris 
arundinacea (reed canary grass). 
12 
 
Abiotic seed rain 
     We established 50, 50-meter transects at random locations within the bison enclosure, such 
that delineated plant communities were proportionately represented (Kagima &  Fairbanks, 
2013).  We evaluated seed rain in each plant community section with funnel seed traps 
(Cottrell, 2004) placed within two meters of the north end of each transect.  We constructed 50 
funnel traps from 19.37-cm diameter, high density polyethylene funnels, with 10 × 5-cm 
100µ−mesh bags attached to the funnel spouts.  Each funnel and collection bag was mounted 
on a 5-cm diameter plastic pipe and buried to within 2 cm above ground level to limit insect 
entry.  We attached 0.64-cm screens inside each funnel to prevent entry by shrews.  We staked 
the funnels to the ground to prevent removal and damage by coyotes.  Wind- and gravity-
dispersed seeds captured in the funnel traps were collected monthly, from May 2012 through 
October 2013, to assess the phenology of seed dispersal to the transects throughout the year, 
and to compare bison-dispersed seed with the abiotic seed rain in each plant community patch. 
     In the lab, we extracted seeds from the funnel trap samples using tweezers and an 
illuminated magnifying glass.  We identified seeds under a stereomicroscope to species or 
genus, based on manuals (Delorit, 1970; Davis, 1993; Bockenstedt, 2008a; Bockenstedt, 2008b; 
Williams, 2010) and the seed collection of the Neal Smith National Wildlife Refuge herbarium.  
We classified seeds as native or non-native (Eilers &  Roosa, 1994b) and by vegetation classes: 
graminoid, forb, woody plant.  We also grouped seeds by diaspore characteristics: seeds with 
adaptations for epizoochory such as hooks or long awns, seeds with hairs or unhooked 
projections not clearly related to attachment, seeds with pappi for wind dispersal, and seeds 
without hairs or projections, often with smooth or rounded seed coats. 
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     We analyzed all seed dispersal data using both univariate and multivariate methods in R v. 
3.2.0 (R Core Team, 2015).  All data sets were first tested for homogeneity of variance using 
Levene’s test.  We used t-tests and Mann-Whitney-Wilcoxon tests to explore differences in 
seed abundance (number of seeds per seed trap) of native and non-native seeds, as well as the 
number of native and non-native plant species per seed trap.  We used Kruskal-Wallis one-way 
analysis of variance to test for differences in seed abundance, mean number of species per trap 
by vegetation classes, and species richness across months.  When tests were significant (α = 
0.05) we used a Wilcoxon rank sum test with the Bonferroni adjustment to further identify 
significant differences.  We used ANOVA two-way analysis of variance to test for differences in 
native and non-native seed abundance across months. When tests were significant (α = 0.05) 
we used Tukey's Honest Significant Difference (HSD) to further identify significant differences.   
Epizoochory: clipped bison hair 
     Epizoochory samples were collected in early November 2010, 2011, and 2012 during the 
annual bison roundups at the Neal Smith National Wildlife Refuge.  The USFWS conducts 
roundups each fall to assess herd health, microchip new calves, collect DNA samples for genetic 
analysis, and relocate some animals to other facilities.  We collected hair samples of 
approximately 10cm2 each from 47, 54, and 48 bison including both sexes each year 
respectively, ranging in age from 6 months to 12 years old.  Using cordless clippers and hand-
held shears, we took hair samples from the upper midsection of all the animals while they were 
restrained in a squeeze chute.  We also collected hair samples from the forehead (n = 15, 7, and 
9 in 2010, 2011, and 2012), to compare seed species composition on different areas of the 
body.  Direct contact with the animals allowed us to compare seed assemblages and 
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attachment at the end of the plant growing season, by sex and age class of bison.  In the lab, we 
extracted and identified seeds from bison hair, following the same procedures used for seed 
trap samples.  
Epizoochory: shed bison hair 
     We collected shed bison hair systematically throughout the bison enclosure on the refuge 
from April 2011 through November 2013.  Shed hair samples were collected monthly within 
one meter along each side of the 50 transects.  Shed hair was also collected opportunistically to 
increase sample size for some analyses.  We recorded the location of each shed hair clump in 
the field with a Trimble GeoXT GPS unit, noting its position (e.g. buried in wallow, on tree bark, 
etc.).  In the lab we extracted and identified seeds from the shed hair samples using the same 
techniques as with hair clipped from the bison.  
     We used Mann-Whitney-Wilcoxon tests and paired t-tests to examine differences in seed 
abundance (number of seeds per gram of hair) of native and non-native seeds in clipped and 
shed bison hair, seed abundance in hair samples clipped from male and female bison, and seed 
abundance in hair samples clipped from the forehead and body of bison.  We used ANOVA, 
Kruskal-Wallis one-way analysis of variance, and linear regression to test for differences in seed 
abundance between age classes of bison (calves, yearlings, adults) for clipped hair samples, 
seed abundance by vegetation class (graminoid, forb, tree) for both clipped and shed hair 
samples, as well as differences in seed abundance among months for shed hair samples.  When 
tests were significant (α = 0.05) we used Tukey's Honest Significant Difference (HSD) or pairwise 
comparisons using a Wilcoxon rank sum test with the Bonferroni adjustment to further identify 
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significant differences.  We used chi-square tests to compare differences in the number of seed 
species extracted from clipped hair samples between sex and age classes of bison.  
Endozoochory 
     Bison dung samples were collected monthly from April 2011 to November 2013, within one 
meter along each side of the established transects to determine seed dispersal patterns by 
endozoochory.  We collected a subsample from the center of each dung pat to avoid collecting 
seeds already in the soil bank below the dung pat, as well as those seeds which may have fallen 
on the dried outer surface of the dung pat.  We removed all remaining portions of the dung 
pats from the transects during each collection, so as not to collect from the same sample twice.  
The locations of dung samples were also recorded with a Trimble GeoXT GPS unit.  In the lab 
each dung sample was washed with tap water in a 0.5mm mesh soil sieve before dehydrating 
the remaining undigested plant material and seeds in a drying oven at 35 °C for 72 hours.  Due 
to the large variation in moisture content of bison dung between seasons, all samples were 
weighed after drying.  Seeds were extracted from the samples under magnification, and 
identified using the same techniques as with bison hair.  We visually examined all seeds to 
determine the degree of damage from chewing and digestion and classified them as intact, 
discolored, damaged, or fragmented.   
Endozoochory: viability of seeds 
     While some seeds extracted from bison dung appeared to be damaged by the chewing and 
digestion process, the degree to which this damage affected seed viability was unknown. To 
determine the proportion of viable seeds extracted from bison dung, we conducted 
germination tests in the Iowa State University Forestry greenhouse.  Six dung samples from 
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each month (n = 72) collected in December 2012 through November 2013 were randomly 
selected for seed germination tests.  Each dung sample was washed with tap water in a 0.5mm 
mesh soil sieve before air drying the remaining undigested plant material and seeds in the lab.  
We weighed each dried dung sample before extracting and identifying seeds as previously 
described.  We cold stratified the seeds to break dormancy before beginning germination tests, 
by placing seeds on moistened germination substrate in glass scintillation vials in a refrigerator 
at 3° to 5°C for five days.  Because seedling emergence may be hindered by the depth of the 
seed within a dung pat, as well as the thickness of crust formed on the outside of the dung pat, 
we chose to use the top-of-paper method (Rao et al., 2006) for germinating seeds.   
     In the greenhouse, we placed the assortment of seeds from each dung sample on top of 
moist, heavy weight, brown seed germination paper in a 9-cm plastic Petri dish.  We moistened 
the germination paper by adding 5 ml distilled water to each Petri dish.  We spread seeds 
uniformly on the surface of the paper so that they were not touching and placed the covered 
Petri dishes in thin plastic bags, loosely folded at the open end, to allow diffusion of oxygen and 
reduce the loss of moisture from the germination paper.  During the 30-day test period we 
added an additional 5 ml of water to the Petri dishes as necessary when germination paper was 
beginning to dry.  We kept the seed samples at 22 °C under grow lights set for a 16-hour light 
cycle.  We counted the seeds daily and removed seeds that had germinated.  We considered 
seeds germinated when the coleoptile emerged and the radicle had elongated to 5 mm 
(Copeland, 1978).  
     We used Mann-Whitney-Wilcoxon tests to compare differences in seed abundance (number 
of seeds per gram of dung dry matter) of native and non-native seeds in dung samples collected 
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monthly, differences in abundance of viable and non-viable seeds from germination trials, and 
differences in abundance of small (< 1mm diameter) hard coated seeds with small (< 1mm 
diameter) rock fragments found in dung samples.  We used Kruskal-Wallis one-way analysis of 
variance to test for differences in seed abundance between months for dung samples, as well 
as differences in seed abundance among vegetation classes for all seeds extracted from dung 
and viable seeds from the germination trials.  When tests were significant (α = 0.05) we used 
Tukey's Honest Significant Difference (HSD) or pairwise comparisons using a Wilcoxon rank sum 
test with the Bonferroni adjustment to identify significant differences between pairs of 
vegetation classes, or months.  We used chi-square tests to compare differences in the number 
of seed species extracted from bison dung with the number of species dispersed by 
epizoochory or abiotic seed rain.  We used linear regression to examine the relationship 
between the mass of dung samples and the number of seeds found in each dung sample.  
Assessments of abiotic seed rain and bison-mediated seed dispersal 
     We made several comparisons of abiotic seed rain collected in seed traps to bison-mediated 
dispersal via epizoochory and endozoochory.  We made assessments of unique seed species 
found in bison dung, shed hair, and seed traps using the Bray-Curtis dissimilarity index.  We 
graphed these results using Bray-Curtis ordination in PC-ORD, a Windows program for 
multivariate analysis of ecological data.  In this ordination, graph points represent seed samples 
from transects each month.  Distance between points in 3-dimensional space represents the 
dissimilarity of seed species and abundance among samples.  Our main matrix included seed 
species and dispersal type.  The second matrix included variables of dispersal type, transect 
location, and month.  We compared proportions of seeds by their primary mode of dispersal 
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(epizoochory, potential for epizoochory, wind dispersal, gravity dispersal) among bison dung, 
bison shed hair, and seed trap samples, using chi-square tests.  After first testing for 
homogeneity of variance with Levene’s test, we used Kruskal-Wallis one-way analysis of 
variance to test for differences in proportions of seeds within vegetation classes by dispersal 
mechanism, relative seed abundance (seeds per square meter) of native and non-native seeds 
by dispersal mechanism, and relative seed abundance (seeds per square meter) within 
vegetation classes by dispersal mechanism.  We used ANOVA two-way analysis of variance to 
test for differences in the proportions of native and non-native seeds by dispersal mechanism.  
Given that the hair clipped directly from the bison during the fall round-ups only provided 
information about seed attachment and dispersal for a brief window of time, we compared the 
seed composition of fall clipped hair samples to shed hair clumps, dung samples and seed trap 
samples collected from October and November of each year using chi-square tests.  
Correspondingly, seeds in spring seed traps were compared to dung samples and shed hair 
samples collected in April and May, when the abundance of shed hair peaked on the landscape. 
Results 
     We collected 28,138 seeds in seed traps from 801 samples (April-December 2012 n=366, 
January-November 2013 n=435).  We found 3,890 seeds in 183 hair samples clipped from bison 
during the fall roundups (2010 n=57, 2011 n=61, 2012 n=65).  We extracted 4,427 seeds from 
374 samples of shed bison hair (2011 n=40, 2012 n=231, 2013 n=103).  We identified 10,968 
seeds from 1,131 dung samples collected year round (2011 n=213, 2012 n=547, 2013 n=372).  
We identified 69 total seed species from seed traps, fall clipped bison hair, shed hair, and dung. 
 
19 
 
Abiotic seed rain  
     We identified seeds of 54 plant species in seed traps during the two years of collection, 
including 7 species of native graminoids, 8 species of non-native graminoids, 22 species of 
native forbs, 10 species of non-native forbs, 6 species of native trees, and 1 species of non-
native tree.  About 22% of the 801 seed trap samples contained no seeds.  Two non-native 
species, Poa pratensis (Kentucky bluegrass) and Trifolium pratense (red clover) were the most 
numerous seeds collected in seed traps.  Although nearly twice as many native species as those 
not native to North America were found in seed trap samples, we found a much greater 
abundance of non-native seeds (n=20,779) than native seeds (n=7,359) in seed traps (Mann-
Whitney, n=801 seed trap samples, T=245674, df=1, p<0.0001).   
     Graminoid seeds were the most numerous vegetation class found in seed traps (n=17,635), 
followed by forb seeds (n=10,413) and tree seeds (n=90).  Mean seed abundance of graminoids, 
forbs, and trees collected in the seed traps was significantly different (Kruskal-Wallis, n=801 
seed trap samples, H=687.57, df=2, p<0.0001; pairwise comparisons, graminoids-forbs: p=0.15, 
trees-forbs: p<0.0001, trees-graminoids: p<0.0001).   
     The most frequent seed morphology types in seed traps were diaspores with hairs or 
projections that are not typically thought to be epizoochorus, but have the potential to be 
dispersed in animal hair (16,039 out of 28,138 seeds, 57%).  Seeds with smooth or rounded 
diaspores were the second most numerous morphology type (10,412 out of 28,138 seeds, 37%) 
collected in seed traps, followed by seeds with obvious adaptations for epizoochory, such as 
hooks or barbs (1,126 out of 28,138 seeds, 4%), and seeds with pappi for wind dispersal (563 
out of 28,138 seeds, 2%).      
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      The mean seed abundance (number of seeds/seed trap) varied significantly by month 
(Kruskal-Wallis, n=801 seed traps, H=304.72, df=11, p < 0.0001). Seed abundance from abiotic 
seed rain was lowest in March (mean=1.7) and greatest in July (mean=56.91).  July seed traps 
collected primarily Trifolium pratense (red clover), Bromus inermis (smooth brome grass) and 
Poa pratensis (Kentucky bluegrass) seeds.   
     The mean abundance of non-native seeds in seed traps was significantly greater than that of 
native seeds in June, July, and August (Fig. 1; ANOVA, n=801 seed traps, F[1,11] =26.55, p<0.0001; 
Tukey HSD native seeds–non-native seeds: June p<0.0001, July p<0.0001, August p<0.0001). 
Species richness in seed traps also varied significantly by month (Kruskal-Wallis, n=801 seed 
traps, H=291.48, df=11, p<0.0001), with the lowest richness in April (0.39/0.0314m2) and the 
highest in October seed traps (3.35/0.0314m2). 
Epizoochory: clipped bison hair 
     Seeds of 41 plant species were extracted from bison hair clipped during November 
roundups.  These included 5 species of native graminoids, 6 species of non-native graminoids, 
23 species of native forbs, and 7 species of non-native forbs.  No tree seeds were found in fall 
clipped hair.  About 5% of clipped hair samples contained no seeds.   
     Mean abundance of seeds did not differ in hair samples clipped from the head and body of 
bison during the November roundups (paired t-test, t=0.36591, df=25, p=0.72).  Adult female 
bison carried the greatest number of seeds per gram hair, while male bison calves carried the 
least.  Across all age classes, female bison carried greater numbers of seeds per gram of hair 
than males.  Between age classes, seed abundance was greatest for yearling bison, although 
seed abundance in clipped hair samples did not differ significantly by sex or age class (Fig. 2; 2-
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way ANOVA, sex by age class, n=183 hair samples, sex: F[1,2] =0.81, p=0.34, age: F[1,2] =0.83, 
p=0.44).  
     The number of seed species carried in fall clipped hair was highest for adult bison (35 out of 
41 species, 85%) and lowest for both calves and yearling bison (30 out of 41 species, 73%).  
Female bison carried greater numbers of seed species (37 out of 41 species, 90%) than male 
bison (34 out of 41 species, 83%).  Seed species richness was greatest in hair samples from 
adult female bison (32 out of 41 species,78%) and lowest in hair from yearling female bison (20 
out of 41 species, 49%).   
     Over 15 times as many native seeds per gram of hair as non-native seeds per gram were 
extracted from clipped bison hair (Fig. 3; Mann-Whitney, T=27432.5, df=1, p< 0.0001).  Mean 
abundance of forb seeds was more than twice that of graminoid seeds and the difference 
approached statistical significance (Mann-Whitney, T=18626, df=1, p =0.06).  No tree seeds 
were extracted from fall clipped hair. 
      Aster spp., Sorghastrum nutans (Indian grass) and Andropogon gerardii (big bluestem) were 
the most common seed species extracted from fall clipped bison hair.  As would be expected, 
seeds with obvious adaptations for epizoochory, such as Bidens spp.(beggarticks) or Daucus 
carota (Queen Anne’s lace), were found in fall clipped hair, but only made up 9% (351 out of 
3,890) of seeds extracted from samples.  The most frequent seed morphology type found in fall 
clipped hair were those diaspores with pappi for wind dispersal (1,868 out of 3,890 seeds, 48%).  
Seeds with hairs or projections that have the potential to be dispersed in animal hair, such as 
Sorghastrum nutans, were the second most numerous morphology type (1,284 out of 3,890 
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seeds, 33%), followed by seeds with smooth or rounded diaspores (390 out of 3,890 seeds, 
10%).  
Epizoochory: shed bison hair 
     Seeds of 47 species were found in clumps of shed bison hair collected monthly, including 7 
species of native graminoids, 8 species of non-native graminoids, 20 species of native forbs, 8 
species of non-native forbs, and 4 species of native trees.  Seeds of non-native trees were not 
found in shed bison hair.  About 29% of the 374 shed hair samples contained no seeds.    
     The number of non-native seeds (55% of 4,427) per gram of shed bison hair did not differ 
significantly from the number of native seeds (45% of 4,427)(Fig. 4; t-test, n=374 shed hair 
samples, t=-0.79, df=1, p=0.43).  Seed abundance in shed hair differed significantly by 
vegetation class (Kruskal-Wallis, n=374 shed hair samples, H= 22.61, df=2, p< 0.0001), with 
mean seed abundance of graminoids in shed bison hair significantly greater than that of forbs 
(pairwise comparisons, graminoid- forb: p<0.0001) and of trees (tree-graminoid: p<0.0001). 
     The most common seed species extracted from shed bison hair were Poa pratensis 
(Kentucky bluegrass) and Sorghastrum nutans (Indian grass).  Seeds with obvious adaptations 
for epizoochory, such as Hordeum pusilium (little barley) or Hordeum jubatum (foxtail barley), 
were numerous in shed bison hair, and made up 29% of seeds (1,284 out of 4,427) extracted 
from hair clumps.  However, the most frequent seed morphology type found in shed hair 
clumps were diaspores with hairs or spines, such as Andropogon gerardii (big bluestem) that 
have the potential to be epizoochorus (2,435 out of 4,427 seeds, 55%).  Smooth or rounded 
diaspores comprised 14% of seeds (620 out of 4,427) from shed hair samples, while wind 
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dispersed seeds, the most numerous seed type in fall clipped hair, comprised only 2% (89 out of 
4, 427) of the total seeds found in shed hair collected year-round.   
     We found no significant differences in mean seed abundance in shed hair across months (Fig. 
5; ANOVA, n=374 hair samples, F[11,186] =0.75, p=0.69).  Seed species richness in shed hair 
clumps did not vary significantly by month (ANOVA, n=374 hair samples, F[11,362] =0.55, p=0.87).  
Hair clipped from the animals during November roundups contained significantly more seeds 
than shed hair collected in April and May (Mann-Whitney, n=432 hair samples, T=33814, 
p<0.0001).   
Endozoochory 
     Seeds of 46 plant species were found in bison dung samples.  These included 9 species of 
native graminoids, 7 species of non-native graminoids, 18 species of native forbs, 10 species of 
non-native forbs, and 2 species of native trees.  No seeds of non-native trees were found in 
bison dung.  About 11% of the 1,131 bison dung samples contained no seeds.  Although species 
richness of native seeds was greater than non-native seeds in dung, the abundance of non-
native seeds (8,556 out of 10,968 seeds,78%) per gram of dung dry matter was significantly 
greater than native seed abundance (2,413 out of 10,968 seeds, 22%) (Fig. 6; Mann-Whitney, 
n=1131 dung samples, T=352624.5, df=1, p<0.0001).  As expected, seeds extracted from bison 
dung were primarily graminoids (6,362 out of 10,968 seeds, 58%), however, a large percentage 
of seeds from dung were forbs (4,497 out of 10,968 seeds, 41%), while tree seeds (6 out of 
10,968 seeds, 0.06%) were only minimally represented (Kruskal-Wallis, n=1131 dung samples, 
H=1344.66, df=2, p<0.0001; pairwise comparisons, graminoids- forbs: p<0.0001, trees-forbs: 
p<0.0001, trees-graminoids: p<0.0001).    
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     The non-native grass Digitaria sanguinalis (common crabgrass) was the most common seed 
species extracted from bison dung, followed by the non-native species Trifolium repens (white 
clover), Trifolium pratense (red clover), and Poa pratensis (Kentucky bluegrass).  Tiny rock 
fragments, roughly the same size and shape as Trifolium seeds were frequently found during 
the seed extraction process and were more numerous than 91% of the seed species in bison 
dung.  The most numerous seed morphology observed from dung samples were those with 
hairs or projections that have the potential for epizoochory (5,814 out of 10,968 seeds, 53%).  
Nearly half of the seeds extracted had smooth or rounded diaspores (46% of 10,968 total 
seeds).  Seeds with adaptations for wind dispersal (110 out of 10,968 seeds, 1%) were found 
infrequently and only minimal numbers of epizoochorus seeds (33 out of 10,968 seeds, 0.3%) 
were found in dung samples.   
     Seed abundance increased significantly with an increase in the weight of dung samples 
(F[1,1129] =9.68, p=0.002, adjusted R2= 0.008).  However, sample weight explained little of the 
variation, as seed abundance per gram of dung varied greatly among months (Kruskal-Wallis, 
n=1131 dung samples, H=414.67, df=11, p<0.0001), with the fewest number of seeds per gram 
of dung dry matter in February samples and the greatest abundance of seeds in October 
samples (Fig. 7). Species richness varied significantly by month (Kruskal-Wallis, n=1131 dung 
samples, H=374.09, df=11, p<0.0001), with number of species lowest in February and highest in 
October, similar to the pattern of dispersal seen from seed traps.   
     Germination tests indicated that fewer than 10% of seeds extracted from bison dung were 
viable (Fig. 8).  The mean abundance of viable seeds was significantly less than non-viable seeds 
dispersed in dung for all vegetation classes (Mann-Whitney, n=72 dung samples, T=5432, df = 1, 
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p< 0.0001). Germination tests also showed significant variation in the abundance of viable 
seeds between vegetation classes (Kruskal-Wallis, n=72 dung samples, H=25.55, df=4, 
p<0.0001).  Small, hard-coated seeds, such as Trifolium spp., were the most likely to germinate, 
while large, soft or flexible seeds, such as Andropogon gerardii, were the least likely to 
germinate.  Non-native forbs had the greatest proportion of viable seeds (8.29%) followed by 
native sedges (6.78%), native forbs (1.47%), and non-native grasses (0.98%).  No seeds of native 
grasses germinated in these tests.   
Assessments of abiotic seed rain and bison-mediated seed dispersal 
     Similar methods used for field collection and processing of seeds from seed traps, shed hair, 
and dung allowed us to make direct comparisons of abiotic seed rain with epizoochory and 
endozoochory by bison (Appendix I).  Seed species found in seed traps but not in bison hair or 
dung were primarily associated with wooded areas along creeks and included native trees 
Juglans nigra (Eastern black walnut), Celtis occidentalis (common hackberry) Prunus americana 
(American plum), the non-native tree Morus alba (white mulberry), native forbs Osmorhiza 
claytonii (sweet cicely) and Rudbeckia hirta (black-eyed Susan), the non-native forb Leonurus 
cardiaca (motherwort), and the non-native grass Phleum pratense (timothy) (Appendix I).  Seed 
species found exclusively in bison hair (both shed hair and samples clipped from the animals in 
November) included the native forbs Solidago canadensis (Canada goldenrod), Coreopsis 
tripteris (tall coreopsis), Pycnanthemum virginianum (common mountain mint), Rudbeckia 
submentosa (sweet black-eyed Susan), Cryptotaenia canadensis (honewort), Dalea purpurea 
(purple prairie clover), Urtica dioica (common nettle), and Heliopsis helianthoides (oxeye false 
sunflower), non-native forbs Xanthium strumarium (cocklebur), Arctium minus (burdock), and 
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Amaranthus retroflexus (rough pigweed), as well as the non-native grass Dactylis glomerata 
(orchard grass).  Seed species found only in bison dung included the native tree Acer 
saccharinum (silver maple), the native forb Verbena stricta (hoary vervain), and the native grass 
Hordeum pusillum (little barley).  Comparisons of species found in seed traps, shed bison hair, 
and dung using the Bray-Curtis dissimilarity index showed a 26.7% dissimilarity between seeds 
collected in seed traps and seeds dispersed in shed bison hair.  The dissimilarity of seeds 
collected in seed traps and seeds dispersed in bison dung was 20%.  The dissimilarity of seeds 
dispersed in shed hair and seeds dispersed in bison dung was 20% (Fig. 9).    
   When we compared the morphologies of seeds extracted from fall clipped hair, shed hair, 
dung and seed traps, the greatest proportion of seeds with the potential for epizoochory (57%) 
was found in seed traps (Fig. 10).  The greatest proportion of seeds with adaptations for wind 
dispersal (48%) was found in fall clipped hair, and the greatest proportion of seeds with smooth 
seed coats, without hairs or awns (47%), was found in shed bison hair (Fig. 10).  The greatest 
proportion of epizoochorus seeds (9.4%) was found in fall clipped hair.  Significant differences 
in the proportion of morphological types dispersed abiotically and those dispersed by bison 
were only found between seed traps and fall clipped hair (seed traps-fall clipped hair: chi-
square, n=984, Χ=10.68, df=3, p=0.014; seed traps-shed hair: chi-square, n=999, Χ=0.38, df=3, 
p=0.95; seed traps-dung: chi-square, n=1932, Χ=0.32, df=3, p=0.96). 
     While non-native seeds outnumbered native seeds in the 374 shed hair clumps collected 
opportunistically throughout this study, in the subset of shed hair samples collected from 
transects (n=198), the proportion of native seeds was slightly greater than non-native seeds 
(54%).  In shed hair collected on transects, bison dispersed a greater proportion of native seeds 
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than the proportion of native seeds dispersed abiotically (26%) or in bison dung (23%) on the 
transects (Fig. 11).  Mean proportions of native and non-native seeds were significantly 
different between shed hair and seed traps, and shed hair and dung (ANOVA, n=2,131 seed 
samples, F[1,2] =26.29, df=2, p<0.0001; TukeyHSD shed hair-dung p<0.0001, seed trap-dung: 
p=0.18, seed trap-shed hair: p<0.0001). 
     Shed bison hair contained a significantly higher proportion of graminoid seeds than did seed 
traps or bison dung (Fig. 12; Kruskal-Wallis H=14.39, df=2, p=0.0008; pairwise comparisons, 
shed hair-dung p=0.001, seed trap-dung: p=0.1520, seed trap-shed hair: p=0.0123).  Bison dung 
contained a significantly higher proportion of forb seeds than shed bison hair or seed traps (Fig. 
12; Kruskal-Wallis H=131.77, df=2,  p<0.0001; pairwise comparisons, shed hair-dung p<0.0001, 
seed trap-dung: p<0.0001) and seed traps contained a significantly higher proportion than shed 
bison hair (seed trap-shed hair: p<0.0001).  Tree seeds were only minimally represented in all 
samples. 
     Seed deposition across months also differed by dispersal mode (Fig. 13).  The peak of seed 
dispersal abundance for abiotic seed rain was July and August.  The July and August seed 
samples collected in seed traps were primarily non-native, with the most abundant species 
being Poa pratensis (Kentucky bluegrass), Bromus inermis (smooth brome grass), and Trifolium 
pratense (red clover).  The peak of seed dispersal in shed bison hair was also in July and August 
samples, which corresponds to the phenology of cool season grasses.  Phalaris arundinacea 
(reed canary grass), Echinochloa crus-galli (barnyard grass), and Bromus inermis (smooth brome 
grass) were the most common species found in July and August shed hair samples.  The 
greatest proportion of seeds dispersed via bison dung was in October.  Again, the most 
28 
 
common seed species extracted from these samples were non-native and included Digitaria 
sanguinalis (common crabgrass), Trifolium pratense (red clover), and Trifolium repens (white 
clover).  In spring shed hair samples, bison dispersed the seeds of native grasses Andropogon 
gerardii (big bluestem) and Sorghastrum nutans (Indian grass), as well as the non-native forb 
Daucus carota (Queen Anne’s lace), that likely had attached to bison the previous fall.   
     The snapshot of seed dispersal provided by clipped hair samples from the November 
roundups was compared to seeds extracted from October and November shed hair and bison 
dung samples and seed traps.  The proportions of native seeds found in fall clipped hair samples 
(88%) and in fall seed traps (60%), were not statistically significant (chi-square, n=360 seed 
samples,  Χ=0.34, df=1, p=0.56).  Differences in the proportions of native seeds in fall clipped 
hair samples (88%) and fall shed hair samples (77%) were not statistically significant (chi-
square, n=197 seed samples,  Χ=0.12, df=1, p=0.73).  The proportion of native seeds in fall 
clipped hair samples (88%) was significantly greater than fall dung samples (19%) (chi-square, 
n= 405 seed samples,  Χ=4.71, df=1, p=0.03).  Proportions of total seeds each vegetation class 
extracted from samples of fall seed traps, fall shed hair, or fall dung, did not differ significantly 
from fall clipped hair (fall seed traps: chi-squared n=360 seed samples, Χ=0.013, df=2, p=0.89 ; 
fall shed hair: chi-squared, n=191 seed samples, Χ=0.02, df=2, p=0.99; fall dung: chi-squared, 
n=399 seed samples, Χ=2.21, df=2, p=0.67). 
     Given that bison shed the greatest quantities of hair in April and May, we compared the 
proportion of seeds in spring shed hair samples to seeds collected from seed traps and bison 
dung in April and May.  Bison dispersed a greater proportion of native seeds and a smaller 
proportion of non-native seeds in spring shed hair than the proportions of seeds collected in 
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spring seed traps, but these differences were not significant (chi-squared, n=270 seed samples, 
Χ=0.74, df=1, p=0.39).  Fifteen % of seeds dispersed in April and May dung samples were native, 
while 81% of seeds in spring shed hair clumps were native and these differences approached 
statistical significance (chi-squared, n=1118 seed samples, Χ=3.67, df=1, p=0.055).  There were 
no significant differences between spring shed hair and spring seed trap or spring dung samples 
with respect to proportions of seeds in different vegetation classes (chi-squared, n=270 seed 
samples, Χ=1.32, df=2, p=0.52; dung: chi-squared, n=1142 seed samples, Χ=0.503, df=2, 
p=0.78). 
     As expected, mean native seed deposition rate (seeds/m2) was much greater for abiotic 
dispersal (1,118.18 seeds/m2) than for bison endozoochory (7.167/m2) or epizoochory (0.22861 
seeds/m2).  Native seed deposition rate was significantly different among dispersal modes (Fig 
14; Kruskal-Wallis, n=2306 seed samples, Χ=43.73, df=2, p<0.0001; pairwise comparisons using 
Wilcoxon rank sum test, Bonferroni adjustment, shed hair-dung: p< 0.0001, seed trap-dung: 
p<0.0001, seed trap-shed hair: p < 0.0005). 
     Seed deposition rate (seeds/m2) for all vegetation classes was significantly greater for abiotic 
dispersal than for bison dung or shed hair (graminoid: Kruskal-Wallis, H=160.48, df=2, p< 
0.0001; pairwise comparisons, shed hair<dung: p<0.0001, seed trap>dung: p<0.0001, seed 
trap>shed hair: p<0.0001; forb: Kruskal-Wallis H=176.06, df = 2, p<0.0001; pairwise 
comparisons, shed hair<dung: p<0.0001, seed trap>dung: p<0.0001, seed trap>shed hair: 
p<0.0001; tree: ANOVA, F[2.1541] =1.33, p=0.27).  
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Discussion 
     Our findings support previous work demonstrating that bison disperse a high abundance and 
diversity of plant seeds in both hair and dung (Constible et al., 2005; Rosas et al., 2005; Rosas et 
al., 2008). However, our study of bison-mediated seed dispersal also measured the diversity 
and abundance of abiotic seed rain, which provides a context to measure the rate of 
epizoochory and endozoochory by bison in a reconstructed tallgrass prairie ecosystem.   
     Much of the seed abundance and diversity data collected for both abiotic seed rain and 
bison-mediated dispersal can be explained by the phenology of plant growth and seed 
production in a reconstructed grassland that contains both intentionally established native 
species as well as non-native species that remain from previous land use or have invaded.  
Thus, forbs made up the bulk of seeds in fall clipped hair because bison had been traveling 
through a landscape of fall-dispersing plants in the weeks just prior to the November roundups.  
Wind dispersed seeds (primarily Aster spp.) were the most numerous seed morphology type 
found in fall clipped hair.  With their large body size, bison easily stop and hold these tiny wind-
blown seeds. Although epizoochory is not the primary dispersal mechanism for this forb, the 
number of Aster seeds far exceeds those of epizoochorus seeds such as Daucus, Hackelia, or 
Bidens.  Previous studies of epizoochory by bison and other mammals also identified seeds that 
were not spread via their primary dispersal mechanisms (Berg, 1983; Pakeman, 2001; Rosas et 
al., 2008; Hovstad et al., 2009; Kulbaba et al., 2009).  Seed morphologies such as those in Aster 
spp., adapted for short-distance dispersal by wind, may have a greater potential for long 
distance dispersal via epizoochory (Nathan et al., 2008).  Morphological adaptations that 
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determine the more common local dispersal of a plant species, may play a subordinate role in 
the long distance dispersal of seeds. 
     In shed hair clumps collected throughout the year, we found more grass seeds than any 
other vegetation class, likely because grasses were much more abundant on the landscape.  
Sorghastrum nutans (Indian grass) and Andropogon gerardii (big bluestem), along with other 
fall ripening species, were found in bison hair shed in spring and early summer, suggesting the 
seeds may have been carried in bison hair through the winter.  Bison dispersed seeds via shed 
hair and dung to the established transects outside of the normal time period for abiotic seed 
rain.  A large number of early maturing cool season grass seeds were also found in shed hair.  It 
is likely that these non-native grass seeds became attached to bison shortly before the patches 
of hair were shed in summer. 
     Seed proportions found in bison dung are consistent with those of abiotic seed rain samples 
from seed traps.  It is likely that species richness was greatest in fall seed samples collected 
from seed traps, bison dung, and shed hair because the diversity of native plants is greater than 
non-native plants at our study site and the majority of native plants are fall dispersing species.  
Despite the greater diversity of native plant species, the volume of non-native seeds produced 
has resulted in skewed ratios of native to non-native seeds found in bison dung collected year-
round.  Based on abiotic seed rain collected in seed traps, bison are exposed to almost 3 times 
more non-native seeds than native seeds at our study site. 
     Our results suggest that the foraging behavior and movement of bison may also play a role in 
determining which seeds are spread, as well as the timing of dispersal.  We found several seed 
species associated with wooded areas along creeks in seed traps that were not found in bison 
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dung or shed hair.  While bison do cross the creeks at our study site and travel through these 
wooded areas, they do not spend large amounts of time foraging or resting under tree cover 
(Kagima &  Fairbanks, 2013).  This limits the probability of these forest seeds being ingested or 
attached to the hair of bison.  
     Differences in foraging behavior and movement might also explain differences between seed 
dispersal potential by male and female bison (Rosas et al., 2008).  In a remnant tallgrass prairie 
in Oklahoma, variation in seed abundance in the hair of male and female bison hair was 
attributed to behavioral differences between sexes, such as more frequent wallowing by bulls, 
habitat selection and forage preference of bachelor bull groups and cow-calf herds, and 
differences in hair density and texture of bulls and cows (Rosas et al., 2008).  Our results from 
November clipped hair samples demonstrated that adult female bison carried the greatest 
abundance of seeds, but we did not detect any significant differences in seed abundance 
between sex or age classes.  This could be due to the relatively small size of the enclosure at 
our study site (303 ha).  Although the density of dung collected on transects across months 
suggests that some areas have higher concentrations of use by bison, both the smaller adult 
bull groups and larger cow-calf groups at least traveled through, if not foraged in, virtually all 
vegetation patches within the fenced enclosure.   
     Differences in seed assemblages found in bison hair and bison dung may be explained by the 
height at which plants disperse seeds (Albert et al., 2015).  Tall fruiting plants are more likely to 
have seeds lodge in the hair of bison as they brush past, while plants with a low seed release 
height are more apt to have seeds ingested by bison.  However, proportions of native seeds in 
both clipped and shed bison hair are much greater than those found in bison dung or seed 
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traps, and may represent a possible adaptation of tallgrass prairie species to dispersal by bison.  
Seeds with long straight hairs or projections that are not thought to be functional for 
epizoochory were especially numerous in shed bison hair and may have remained attached to 
the dense hair for weeks or months.  The long, curled hair of bison, which is similar to sheep 
wool on some parts of the body, facilitates the attachment of diverse seed morphologies, and 
may be unique among North American mammals for its ability to retain seeds over long 
distances.  
     Monthly collection of seed trap samples, bison dung, and shed hair from established 
transects allowed us to make comparisons of seed dispersal across all seasons.  We found that 
bison dispersed seeds via shed hair and dung outside of the normal periods of abiotic seed rain 
for species such as Andropogon gerardii, and Sorghastrum nutans.  This extension of the 
dispersal window may give these seeds a competitive advantage in some circumstances.  While 
we did not conduct viability tests of seeds from shed hair, by visual examination we found most 
seeds in hair samples to be undamaged.  In another study of epizoochory by bison, the viability 
of seeds from fall clipped hair samples and from shed hair samples collected in bison wallows 
ranged from 85-100% (Constible et al., 2005). 
     Hair samples clipped from bison in the fall had more than twice as many seeds attached as 
shed hair clumps collected in the spring.  Many of the small, wind dispersed forbs and smooth 
or rounded seeds had fallen out of the bison hair over the winter as the animals moved across 
the landscape.  In recent years, prairie managers have increasingly turned to frost seeding as 
the most effective method for establishing tallgrass plant species, especially forbs, either in new 
areas or to enhance the diversity of existing plantings (Jackson, 1999)(P. Drobney 2011, Neal 
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Smith National Wildlife Refuge, Prairie City, Iowa and R. Arndt 2012, Dunn Ranch Prairie, 
Eagleville, MO, personal communications).  By this method, seeds of prairie species are 
scattered across the snow or frozen ground in winter, where over many weeks the freeze and 
thaw cycle works the seeds just into the soil surface.  It appears that bison have been 
facilitating this means of seed establishment in grassland ecosystems long before the concept 
of restoration existed.   
     Surprisingly, a large percentage of seeds from dung were forbs.  Although microhistological 
analyses of bison dung suggests that bison eat primarily graminoids (Coppedge et al., 1998b; 
Kagima, 2008b) these findings are consistent with another study of endozoochory by bison 
conducted in a remnant tallgrass prairie (Rosas et al., 2008).  Studies of other large herbivores 
have also found seeds from a variety of plant functional groups in dung.  A diverse assemblage 
of native and non-native grass and forb seeds were found in the dung of domestic cattle in 
Oregon, USA (Bartuszevige &  Endress, 2008).  In fragmented and remnant grasslands of 
southern Sweden, roe deer dispersed 67 species of seeds in dung (Auffret &  Plue, 2014).  
European bison (Bison bonasus) were found to disperse 178 seed species in dung from the 
Białowieża Primeval Forest of Poland (Jaroszewicz et al., 2009).  The most abundant seeds that 
germinated, following ingestion by European bison, were from native European forb species 
Urtica dioica (common nettle), Plantago major (common plantain), Potentilla reptans (creeping 
cinquefoil), and Trifolium repens (white clover), and the graminoid Juncus effusus (common 
rush).  Many of these species, although not native to North America, were found in dung of 
Bison bison from our study site.  Bison may preferentially select the fruiting structures of some 
forb species (Rosas et al., 2008), however, we suggest an alternative explanation that is more 
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consistent with microhistological studies.  While processing bison dung samples we extracted 
large numbers of small (<1mm) rock fragments, which were similar in size and shape to the 
seeds of several native and non-native clovers (Lespedeza spp., Trifolium spp.).  
     Microhistological diet analysis of bison dung samples at this site from previous studies 
suggest that clovers (Trifolium spp.) were the most common forb in bison diets, but comprised 
less than 6% of the diet of bison mixed age groups and less than 5% of the diet in adult bulls 
(Kagima, 2008), while our study showed clover seeds to be 34.9% of the total seeds extracted 
from bison dung.  Although the mean abundance of rock fragments (0.139 per gram dung) was 
significantly less than the abundance of tiny rounded seeds (0.517 per gram dung), it leads us to 
hypothesize that bison are accidentally ingesting these forb seeds (along with small rock 
fragments and insects) scattered through the graminoid foliage they are consuming, rather 
than selectively foraging for these legumes.  Further evidence for this can be seen in the 
proportions of graminoid, forb, and tree seeds found in bison dung, which are similar to those 
collected in seed traps.  The temporal variability of seed abundance in dung, which is low during 
winter months and high during summer and fall, also closely tracks the abundance of seeds in 
seed traps.  For most plant functional groups, bison appear to be incidentally consuming 
whatever seeds happen to be in the foliage or on the ground where they are foraging.  
     Although seeds were found in almost all of the dung samples we examined, our germination 
tests suggest that less than 10% of all hard coated seeds and less than 2% of soft coated seeds 
would be able to survive digestion by bison and germinate.  The percent of viable seeds 
recovered from dung samples in our study was similar to results from research that evaluated 
endozoochory by bison at Antelope Island State Park, Great Salt Lake, Utah (Gokbulak, 2002).  
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Three male bison were held in pens and fed known quantities of seeds from 6 grass species.  
Seed recovery from dung was greatest for hard round seeds but only two species of soft seeded 
grasses were tested for viability.  As seen in our study, viability of these soft coated seeds was 
very low, resulting in 2% and 3% germination (Gokbulak, 2002).  Other studies of endozoochory 
have reported very low percent viability for seeds extracted from the dung of North American 
bison (Constible et al., 2005) and goats (Grande et al., 2013), as well as rabbit, sheep, donkey, 
horse and domestic cattle (Cosyns et al., 2005). 
     In the “foliage is the fruit” hypothesis Janzen, (1984) suggested that small seeds of 
herbaceous plants might be ingested incidentally by large herbivores that were actively 
foraging on the leaves and stems that played the role of the attracting “fruit”.  Our study of 
bison endozoochory in a reconstructed prairie supports this concept for native sedges, which 
have both foliage that bison select for, and hard compact seeds that survive chewing and 
digestion better than most seed species we examined.  The tiny seeds of some non-native 
grasses, such as Poa pratensis (Kentucky bluegrass) from early summer dung samples or 
Digitaria sanguinalis (common crabgrass) from fall dung samples, were recovered in large 
quantities from bison dung, however, these soft-coated seed species rarely survived passage 
through the bison digestive system.  We did not find evidence that native grass foliage acts as a 
“fruit” attractant.  Most species in this vegetation group have soft seed coats and/or produce 
seeds well above the average foraging height of bison.  The leaves of native and non-native forb 
species make up only a small portion of bison diets and therefore cannot be considered an 
attractant to bison as potential seed dispersers.  However, an alternative proposal to the 
“foliage is the fruit” hypothesis has been suggested, in which plants of one species disperse 
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seeds among the leaves of neighboring species, thus avoiding herbivory while still effectively 
spreading their seeds through endozoochory (Collins &  Uno, 1985).  For hard seeded, broadleaf 
plants such as Trifolium, our results show this to be a realistic seed dispersal strategy via bison.  
     Previous studies of bison-mediated seed dispersal have reported successful germination of 
seeds from bison dung and shed hair in both laboratory and field conditions (Constible et al., 
2005; Rosas et al., 2008; Jaroszewicz &  Piroznikow, 2011; Jaroszewicz, 2013).  However, abiotic 
seed rain produces a far greater density of seeds on the landscape than bison-mediated 
dispersal.  Although the density of seeds we measured from seed traps in this grazed prairie 
reconstruction is lower than the seed density of 19,700seeds/m2 reported from a remnant tall 
grass prairie in Missouri  (Rabinowitz &  Rapp, 1980), it would appear that any bison-dispersed 
seeds would be easily swamped by the sheer numbers of seeds produced nearby.  However, 
seed dispersal theory suggests that seeds may have a better chance of germination and 
establishment if they are scattered over long distances.  The “escape hypothesis” states that 
seeds dispersed far from the parent plant have a greater chance of success and can 
outcompete those seeds that fall nearby (Janzen, 1970; Connell, 1971).  The “colonization 
hypothesis” suggests that widely dispersed seeds have a greater advantage in colonizing new 
habitats in a changing landscape (Howe &  Smallwood, 1982).  Although bison at this study site 
are confined to a relatively small area, historic herds that once inhabited the central grasslands 
of North America had enormous potential as long distance dispersal agents.  Even modern 
bison populations in unrestricted landscapes of the western United States and Canada, such as 
Yellowstone National Park, the Henry Mountains, or Prince Albert National Park, may facilitate 
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long distance dispersal on a daily basis.  The addition of bison to any grassland ecosystem 
profoundly changes the scale of seed dispersal. 
     Reconstructing and maintaining biodiversity is one of the primary goals of restoration 
ecologists.  Bison have great impacts in tallgrass prairie ecosystems (Knapp et al., 1999), 
resulting in positive effects on both the structural and species diversity of native grasslands 
(Hartnett et al., 1996; Collins et al., 1998; Spasojevic et al., 2010).  Bison not only alter the 
vegetation structure directly by grazing dominant grasses (Trager et al., 2004), but also 
indirectly by reducing the number of seeds produced by grass species and simultaneously 
dispersing the seeds of forbs both by endozoochory and epizoochory (Rosas et al., 2008).   
     Our results indicate that bison disperse both native and non-native plant seeds, which has 
implications for management of restored or reconstructed prairies.  Introducing bison during 
the initial phase of grassland restoration will increase soil disturbance (McMillan et al., 2011) 
and may facilitate the growth and spread of early successional (often undesirable) plant 
species, both native and non-native.  This is especially true in areas such as the Midwestern 
United States, which have a long history of agricultural disturbance and an associated seed 
bank of invasive species (Rossiter et al., 2014).  Introducing bison to a new prairie 
reconstruction after native plant species have become fully established may reduce the impacts 
of disturbance and dispersal of undesirable seed species.  Prairie managers should also consider 
chemical control of potentially invasive non-native species before introducing bison to an 
established reconstruction, as bison have the ability to disperse most types of seeds that are 
present in grassland communities.  Hard-seeded, non-native forbs will expand their range via 
endozoochory while non-native grasses will likely spread by epizoochory.  If bison have access 
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to both reconstructed prairie communities and high quality remnant prairie at the same site, 
then managers should have fencing infrastructure in place to exclude bison from remnant 
prairie patches during those times of the year when non-native plants in adjacent 
reconstructions are dispersing seeds.   
     Our study identified a diverse mix of epizoochorus seeds, wind dispersed propagules, and 
seeds with smooth rounded diaspores in bison dung, shed hair, and attached to the animals, 
which suggests that bison are generalist dispersers of both forbs and graminoids.  Further 
studies following bison-dispersed seeds from seedling establishment to plant maturity, would 
be valuable for a more complete understanding of the importance of bison-mediated dispersal 
to the ﬁtness of tallgrass prairie plants.  Long distance seed dispersal by bison may be a vital 
process in the assembly of tallgrass prairie community structure and diversity.  Long term 
studies have shown that plant diversity in reconstructed prairies decreases over time (Sluis, 
2002; Camill et al., 2004; Kucharik et al., 2006).  Seed additions of uncommon forbs from 
distant sources may be lacking in modern fragmented grasslands and isolated prairie 
reconstructions (Wilsey &  Martin, 2015).  Seedling recruitment in reconstructed tallgrass 
prairie is higher in areas with bison, than in ungrazed prairie. The loss of bison from most 
tallgrass prairies today, along with their ability to easily disperse seeds over long distances may 
be a possible explanation for this decline in prairie diversity (Wilsey &  Martin, 2015).  If the 
goal of restoration is to establish functional ecosystems, rather than maintaining collections of 
species, then returning animal-mediated processes, such as seed dispersal, should be a priority.   
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Figure 1.  Mean seed abundance of abiotic seed rain in a tallgrass prairie reconstruction, Neal Smith 
National Wildlife Refuge, Iowa, USA, April 2011-November 2013.  Vertical bars are one standard error of 
the mean.  n = 801 seed traps. Asterisks indicate significant differences between native and non-native 
seed abundance within a month.    
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Figure 2.  Mean seed transport by sex/age class of bison, clipped hair.  Neal Smith National Wildlife 
Refuge, Iowa, USA, November 2010-2012. Vertical bars are one standard error of the mean.  (n) = 
number of hair samples. 
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Figure 3.  Mean seed abundance by vegetation class in clipped bison hair from a tallgrass prairie 
reconstruction, Neal Smith National Wildlife Refuge, Iowa, USA, November 2010-2012.  Vertical bars are 
one standard error of the mean.  Within groups * indicate significant differences between native and 
non-native seeds per gram hair.  n = 183 hair samples. 
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Figure 4.  Mean seed abundance in shed bison hair from a tallgrass prairie reconstruction, Neal Smith 
National Wildlife Refuge, Iowa, USA, April 2011-October 2013. Vertical bars are one standard error of 
the mean. n=374 hair samples.  Among groups * indicate significant differences between abundance of 
seeds in vegetation classes.  Within groups, the proportions of native and non-native seeds with the 
same small letter were not significantly different.   
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Figure 5.  Mean abundance (number of seeds/g hair) of seeds found in bison shed hair, collected 
monthly from transects in a tallgrass prairie reconstruction, Neal Smith National Wildlife Refuge, Iowa, 
USA, April 2011-October 2013.  Vertical bars are one standard error of the mean.  n = 374 hair samples. 
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Figure 6.  Mean seed abundance in bison dung from a tallgrass prairie reconstruction, April 
2011–November 2013. Vertical bars are one standard error of the mean.  n = 1131 dung 
samples.  Among groups * indicate significant differences between abundance of seeds in 
vegetation classes.  Within groups, † indicate significant differences in the proportions of native 
and non-native seeds. 
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Figure 7.  Mean abundance (number of seeds/g dung dry matter) of seeds found in bison dung, collected 
monthly from transects in a tallgrass prairie reconstruction, April 2011 - November 2013.  Vertical bars 
are one standard error of the mean.  n = 1131 dung samples.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
1
2
3
4
5
6
M
EA
N
 S
EE
D
S 
P
ER
 G
R
A
M
  D
U
N
G
 D
R
Y 
M
A
TT
ER
MONTH
53 
 
 
 
 
 
 
 
Figure 8.  Mean total and viable seed abundance in bison dung from a tallgrass prairie reconstruction, 
Neal Smith National Wildlife Refuge, Iowa, USA, December 2012-November 2013.  Vertical bars are one 
standard error of the mean.  n = 1,213 seeds.  * indicate significant differences between total and viable 
seeds.     
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Figure 9.  Bray-Curtis ordination of abiotic dispersed seed species collected in seed traps (red), seed 
species dispersed in bison dung (green), and seed species dispersed in bison shed hair (blue) in a 
tallgrass prairie reconstruction, Neal Smith National Wildlife Refuge, Iowa, USA, April 2011-November 
2013.  Points represent seed samples from transects each month.  Distance between points in 3 
dimensional space represents dissimilarity of seed species and abundance among samples.  
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Figure 10. Proportions of seeds of differing morphology in bison-dispersed and abiotic dispersed seeds 
in a tallgrass prairie reconstruction, Neal Smith National Wildlife Refuge, Iowa, USA, April 2011-
November 2013.  Vertical bars are one standard error of the mean. 
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Figure 11.  Proportion of native and non-native seeds dispersed abiotically (seed traps), in dung samples 
and in shed hair collected along transects in a tallgrass prairie reconstruction, Neal Smith National 
Wildlife Refuge, Iowa, USA, April 2011-November 2013.  Vertical bars are one standard error of the 
mean. Seed traps n= 801, dung samples n= 1131, shed hair, n= 198.  Proportions of native and non-
native seeds with the same small letter were not significantly different. 
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Figure 12.  Proportion of total seeds by vegetation class dispersed abiotically (seed traps), in bison dung, 
and in shed bison hair collected on transects in a tallgrass prairie reconstruction, Neal Smith National 
Wildlife Refuge, Iowa, USA, April 2011-November 2013.  Vertical bars are one standard error of the 
mean.  Seed traps n= 801, dung samples n= 1131, shed hair, n= 198.  Within a vegetation category, 
dispersal modes with the same letter are not significantly different. 
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Figure 13.  Phenology of abiotic (seed traps) and bison-mediated seed dispersal in a tallgrass prairie 
reconstruction, Neal Smith National Wildlife Refuge, Iowa, USA.   
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Figure 14.  Seed density (seeds per m2): bison-mediated and abiotic seed dispersal in a tallgrass prairie 
reconstruction, Neal Smith National Wildlife Refuge, Iowa, USA, April 2011-November 2013.  Vertical 
bars are one standard error of the mean.  Seed traps n= 801, dung samples n= 1131, shed hair, n= 198.   
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APPENDIX 
 
Table 1. Species of seeds collected in funnel seed traps (n=801), bison dung (n = 1131), bison 
shed hair samples (n = 374) and bison clipped hair samples (n = 183) at the Neal Smith National 
Wildlife Refuge, Iowa. Plant origin: N = native, I = non-native.  Vegetation classes:  G = 
graminoid, F = forb, T = tree.  Diaspore types: E = with obvious structures for epizoochory, such 
as hooked hairs, P = with hairs, awns, or projections that could potentially function in 
attachment, W = with pappus for wind dispersal, S = smooth or rounded diaspores without 
hairs or projections.  
Species 
Plant 
origin 
Vegetation 
class 
Diaspore 
Type 
Total 
seeds 
in seed 
traps 
Total 
seeds 
in dung 
Total 
seeds 
in shed 
hair 
Total 
seeds in 
clipped 
hair 
Acer negundo N T W 16 0 1 0 
Acer saccharinum N T W 0 3 0 0 
Amaranthus retroflexus I F S 0 0 1 0 
Ambrosia artemisiifolia N F P 695 661 29 16 
Ambrosia trifida N F P 131 33 0 14 
Andropogon gerardi  N G P 605 115 259 448 
Arctium minus I F E 0 0 0 1 
Aster spp. N F W 354 9 50 1730 
Bidens cernua N F E 38 1 9 38 
Bromus inermis I G P 1771 496 145 181 
Bromus japonicus I G P 1048 41 27 0 
Capsella bursa-pastoris I F S 135 0 0 1 
Carex spp. N G P 17 455 2 0 
Celtis occidentalis N T S 5 0 0 0 
Chamaecrista fasciculata N F S 116 20 0 0 
Chenopodium album I F S 0 33 1 0 
Coreopsis tripteris N F S 0 0 34 12 
Cryptotaenia canadensis N F P 0 0 0 26 
Dactylis glomerata I G S 0 0 10 0 
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Table 1 continued 
Dalea purpurea  N F S 0 0 9 0 
Daucus carota I F E 761 8 31 206 
Desmodium canadense N F E 76 1 0 8 
Digitaria sanguinalis I G P 4 2007 103 13 
Echinochloa crusgalli I G P 34 2 38 13 
Echinacea pallida N F S 2 8 0 5 
Elymus canadensis N G P 329 22 15 7 
Eryngium yuccifolium N F S 4 0 1 1 
Festuca arundinacea I G P 258 16 2 0 
Galium aparine N F E 44 1 0 0 
hackelia virginiana N F E 5 0 0 81 
Helianthus grosseserratus N F S 5 37 1 103 
Heliopsis helianthoides N F S 0 0 0 159 
Hordeum jubatum N G E 147 12 7 0 
Hordeum pusillum N G E 0 7 0 0 
Juglans nigra N T S 2 0 0 0 
Juncus balticus N G P 1742 350 0 0 
Leonurus cardiaca I F S 77 0 0 0 
Lepidium densiflorum N F S 13 11 37 0 
Lespedeza capitata N F S 6 6 2 0 
Melilotus spp. I F S 0 474 0 0 
Monarda fistulosa N F S 2 15 1 10 
Morus alba I T S 53 0 0 0 
Osmorhiza claytonii N F E 5 0 0 0 
Panicum virgatum N G S 0 18 0 5 
Parthenium integrifolium N F S 0 0 30 0 
Pastinaca sativa I F W 40 5 0 2 
Phalaris arundinacea I G S 476 215 73 3 
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Table 1 continued 
Phleum pratense I G S 139 0 0 0 
Plantago major I F S 120 169 0 0 
Poa pratensis I G P 9033 1175 190 3 
Polygonum lapathifolium N F S 10 110 0 5 
Populus deltoides N T W 3 0 6 0 
Prunus americana N T S 4 0 0 0 
Prunus serotina N T S 7 3 0 0 
Pycnanthemum 
virginianum N F S 0 0 0 1 
Ratibida pinnata N F S 527 12 3 56 
Rudbeckia hirta N F S 2 0 0 0 
Rudbeckia subtomentosa N F S 0 0 0 3 
Rumex crispus I F S 28 157 2 3 
Schizachyrium scoparium N G P 98 4 9 0 
Setaria faberi I G P 39 243 5 12 
Silphium integrifolium N F W 5 0 0 1 
Solidago canadensis N F W 0 0 0 3 
Solanum carolinense N F S 51 20 0 0 
Solidago rigida N F W 386 37 18 41 
Sorghastrum nutans N G P 1895 529 345 472 
Taraxacum officinale I F W 145 72 10 0 
Trifolium pratense I F S 6523 1565 99 5 
Trifolium repens I F S 95 1782 0 0 
Urtica dioica N F S 0 0 0 1 
Vernonia baldwinii N F W 13 4 6 8 
Verbena stricta N F S 0 3 0 16 
Xanthium strumarium I F E 0 0 2 4 
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CHAPTER 3. SEED DISPERSAL EFFECTIVENESS OF EPIZOOCHORY AND 
ENDOZOOCHORY BY BISON IN A TALLGRASS PRAIRIE RECONSTRUCTION 
 
A paper to be submitted for publication 
Peter G. Eyheralde and W. Sue Fairbanks 
 
ABSTRACT 
     Seed dispersal is a vital process that shapes plant community composition, as well as genetic 
diversity within and between plant populations.  We used a seed dispersal effectiveness 
framework to compare epizoochory and endozoochory by bison to delineated sections in a 
reconstructed tallgrass prairie.  We conducted quantitative sampling of vegetation on 50, 50-m 
transects at the Neal Smith National Wildlife Refuge in south central Iowa and compared them 
to the seed content of shed bison hair and dung, systematically collected and reported 
previously (Chapter 2).  Bison hair contained greater proportions of native seeds than the 
proportions of native plant cover on transects.  Proportions of native seeds in bison dung were 
significantly lower than that of native plant cover.  Graminoids made up the greatest proportion 
of plant cover, seeds in dung, and seeds in shed hair.  Our results demonstrate that bison are 
facilitating the long distance dispersal of native seeds via shed hair into vegetation patches 
dominated by non-native plant species.  Bison may be uniquely suited as dispersal vectors via 
epizoochory for native tallgrass prairie species.  This work adds to our understanding of bison as 
drivers of long distance seed dispersal in tallgrass prairie ecosystems by providing missing 
empirical data to key parts of the seed dispersal effectiveness framework.   
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Keywords:  bison, epizoochory, endozoochory, seed dispersal effectiveness, tallgrass prairie, 
reconstructed prairie 
Introduction 
     Seed dispersal is a vital process that shapes plant community composition, as well as genetic 
diversity within and between plant populations (Levin et al., 2003; Ellstrand, 2014).  Estimating 
plant community additions attributed to seed dispersal can provide insight into the 
evolutionary dynamics of populations, and is necessary for making predictions about changes 
induced by habitat fragmentation and shifting climates (Primack &  Miao, 1992; MacDougall &  
Turkington, 2005; Neilson et al., 2005; Kroiss &  HilleRisLambers, 2015; Mokany et al., 2015).  
Seeds seldom disperse more than a few meters from the parent source (Levin et al., 2003; 
Nathan et al., 2012; Horvitz et al., 2015), where they are subject to intense competition and 
increased levels of predation (Janzen, 1970; Connell, 1971; Comita et al., 2014).  Rare long-
distance seed dispersal events (>100 m) may determine the ability of plants to persist in 
changing environments (Howe &  Smallwood, 1982; Higgins &  Richardson, 1999; Cain et al., 
2000; Higgins et al., 2003; Nathan et al., 2008).  Long distance seed dispersal explains much of 
the rapid, post-glacial colonization of plant species in North America (Clark et al., 1998), and 
dispersal by megafauna is a possible mechanism (Vellend et al., 2003).  Bison (Bison bison), a 
keystone species in tallgrass prairies (Knapp et al. 1999), may have been an important 
mechanism for grassland seed dispersal historically, when conservative figures estimate over 30 
million animals inhabited the central grasslands of North America (Epp &  Dyck, 2002).  Bison 
move seeds both by endozoochory (seeds consumed and passed through the digestive system) 
and by epizoochory (seed attachment to, transport, and detachment from the hair of animals) 
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(Constible et al., 2005; Rosas et al., 2008).  Bison also deposit concentrations of seeds by annual 
shedding of winter hair in large clumps.   
     Anecdotal evidence from the 19th century suggests that bison made annual long distance 
migrations in the central grasslands of North America, however there has been much debate 
over the length, direction, and frequency of these movement patterns (Epp, 1988; Hart, 2001).  
Analyses of serial stable isotopes from tooth enamel carbonate of bison from the middle 
Holocene (7,000 – 8,500 BP), in the eastern Great Plains show a limited (< 50 km) annual home 
range radius (Widga et al., 2010).  More extensive movement patterns are seen at longer time-
scales, where bison from a single herd could potentially travel (50-500 km) over many different 
isotope source areas, in the course of a 5 year period (Widga et al., 2010).  Migratory behavior 
in bison herds was probably restricted to relatively small distances in response to stochastic 
variables such as fire, drought or hunting pressure.  However, given that a plant’s capacity for 
long-distance seed dispersal is based on the rare event of dispersing beyond a 100-m threshold, 
the potential for bison to transport seeds 50 kilometers over a one year period easily surpasses 
this limit.  Even today, in unrestricted landscapes, bison frequently travel over 2 km per day 
(Meagher, 1989), providing native plant species the potential for dispersing long distances.  
However, bison have been removed from most of our remaining tallgrass prairies.  It is unclear 
what impact the loss of these dominant herbivores and their seed dispersal services has on 
grassland ecosystems today.  Animal-mediated seed dispersal is not well understood in North 
American prairie ecosystems, and is less so in the context of grassland reconstructions, which 
often have mixtures of both native and non-native plant species. 
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     Seed dispersal effectiveness (SDE) is determined by both the number of seeds dispersed and 
the probability of establishment of an adult plant (Schupp et al., 2010) (Fig. 1).  The dispersal 
and establishment components, in turn, are determined by measurable subcomponents; 
variables associated with the environment, animals, and plants.  The SDE framework has been 
used to compare the effectiveness among species of frugivorous seed dispersers and the 
relative importance of dispersal versus plant establishment (Spiegel &  Nathan, 2007; Schupp et 
al., 2010).  However, comprehensive studies of SDE, have not been conducted in North 
American grasslands.  In these ecosystems, the relative SDE of different modes of animal-
mediated seed dispersal (e.g. endozoochory vs. epizoochory) are not known.   
     Bison-mediated endozoochory (Gokbulak, 2002) and epizoochory (Kulbaba et al., 2009) may 
represent mechanisms for plant dispersal with distinct qualities and outcomes of SDE for 
individual plant species (Fig. 1). Previous studies of seedling establishment in grassland 
ecosystems have provided insight into the effects of competition from dominant grasses, fire 
frequency, and microsite characteristics on germination and survival (Copeland et al., 2002; 
Foster, 2002; Martin &  Wilsey, 2006; Dickson &  Foster, 2008; Wilsey &  Martin, 2015b).  In this 
study we assess the effectiveness of bison as dispersers of native and non-native species and 
plant functional groups in a tallgrass prairie reconstruction.  We hypothesize that dispersal 
aspects of SDE via epizoochory and endozoochory will be affected by variables associated with 
bison (e.g. sex, age class, habitat selection, diet) and plants (e.g. local abundance, seed 
production, phenology).  In addition to seed damage as a result of gut passage and duration of 
attachment to the hair of bison, variables such as temperature, light, and moisture 
requirements, competition with other plants, and the potential for seed predation or secondary 
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dispersal, will affect the probability of establishment of dispersed seeds.  If the goal of 
restoration is to establish functional ecosystems, rather than maintaining collections of species, 
then animal-mediated processes, such as seed dispersal, may be an important indicator of 
restoration success (Lindell, 2008). 
Methods 
Study Site  
     The United States Fish and Wildlife Service (USFWS) Neal Smith National Wildlife Refuge is a 
2,104-ha reconstructed tallgrass prairie, located in Jasper County, Iowa, USA.  Prior to prairie 
reconstruction in 1992, land use included corn (Zea mays) and soybean (Glycine max) rotations 
and scattered cool-season pastures.  Bison were introduced to the site in 1996, and at the time 
of this study, the USFWS maintained a herd of 56 – 89 bison in a 303-ha enclosure, near the 
center of the refuge. Throughout the refuge, tallgrass prairie is managed with controlled fire 
and occasional mowing and spot spraying of invasive weeds.  Within the bison enclosure, 20 
native prairie plantings of roughly 14 ha each were seeded with local ecotype seed mixes from 
1992 to 2001.  These established reconstructions are now dominated by native warm season 
grasses, Andropogon gerardii, Sorghastrum nutans, and Schizachyrium scoparium, as well as 
native forbs, Ambrosia artemisiifolia, Solidago canadenis, Helianthus grosseserratus, Ratibida 
pinnata, Solidago rigida, and Chamaecrista fasciculata.  Remnant riparian woodlands exist 
along some creeks, while open drainages are dominated by the invasive grass Phalaris 
arundinacea. 
     About 50 ha of the bison enclosure were left as non-native pasture and are now dominated 
by Poa pratensis, Bromus inermis, Trifolium pretense, and Trifolium repens.  These introduced 
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species, as well as the nonnative forb Daucus carota now occur throughout the bison enclosure.  
In our research, we chose to take advantage of this large scale competition experiment, to 
investigate the role that bison may play in the establishment of native plant species, or in 
facilitating the invasion of non-native competitors.    
     At Des Moines, Iowa, 25 km from the Neal Smith National Wildlife Refuge, average summer 
(June-August) daily high temperatures range from 27 ° to 30 °C.  Average summer daily low 
temperatures range from 16° to 19 °C.  Average annual rainfall is 881.89 mm per year, while the 
average rainfall from June to August is 343.92 mm per summer (NOAA, 1981-2013).  Variations 
in growing conditions from one year to the next are typical of the weather patterns in the mid-
continent.  During our study, temperatures were average in 2011 with above average 
precipitation in June, while July and August had above average temperatures and below 
average precipitation (NOAA, 2011-2013). In the summer of 2012 our study site experienced a 
period of drought, with above average temperatures and below average precipitation for June, 
July and August (NOAA, 2011-2013).  Weather conditions in the summer of 2013 brought 
average temperatures and somewhat below average precipitation in June and July, with above 
average temperatures and below average precipitation in August (NOAA, 2011-2013).  As part 
of prairie management on the refuge, some units within the bison enclosure were burned 
during the study in April 2011, December 2011, April 2012, and November 2012.  
Vegetation Surveys 
     We established 50, 50-meter transects at random locations within the bison enclosure at the 
Neal Smith NWR, such that delineated sections, based on plant communities and land use 
history (Fig. 2)(Kagima &  Fairbanks, 2013), were proportionately represented.  In June and 
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August of 2011, 2012, and 2013, we conducted quantitative sampling of vegetation on each of 
the transects.  Using a 0.25 m quadrat, we measured percent aerial cover of plants identified to 
species level, at three random points on each transect.  We used a random number generator 
(Random.org True Random Number Service) set from 0 to 50 (corresponding to points along 
the 50-meter transects) to determine the locations for vegetation survey points.  Plant species 
identified from quadrats were later grouped for analyses as native or non-native (Eilers &  
Roosa, 1994a) and by vegetation classes: graminoid, forb, tree.      
Seed samples 
     We collected clipped bison hair samples in early November 2010, 2011, and 2012 during the 
annual bison roundups at the Neal Smith National Wildlife Refuge (Chapter 2).  Samples of shed 
hair and bison dung were collected monthly throughout the bison enclosure on the refuge, 
from April 2011 through November 2013, on established transects.  We conducted germination 
tests to determine the proportion of viable seeds extracted from bison dung.   We quantified 
the abiotic seed rain in the reconstructed prairie from samples collected in funnel seed traps, 
located on each of the transects.  A description of these methods can be found in Chapter 2.  
For these analyses we used seed dispersal data from 183 clipped hair samples, 198 shed hair 
samples, and 1,131 dung samples. 
Analysis 
     We analyzed all data using R v. 3.2.0 (R Core Team, 2015).  All data sets were first tested for 
homogeneity of variance using Levene’s test.  After square-root transformation of the plant 
cover proportions to normalize the data and reduce heteroscedasticity, we used two-way 
analysis of variance (ANOVA) to assess differences in the proportion of native and non-native 
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plants (plant origin) and of vegetation classes (graminoid, forb, tree) on transects, and 
differences in the proportion of native and non-native and vegetation class plant cover versus 
bison-dispersed seeds.  When tests were significant (α = 0.05) we used Tukey’s honest 
significant difference (HSD) tests to determine significant differences between vegetation 
classes and plant origin.  We used ANOVA one-way analysis of variance, with square-root 
transformed data to test for differences in the proportions of native and non-native plant cover 
among years.  When tests were significant, we used Tukey’s HSD tests to determine significant 
differences between years.  We also used ANOVA two way analysis of variance, with log 
transformed data to assess differences in the proportion of native and non-native plants in 
delineated sections (prairie planting, old brome pasture, old farmyard, reed canary grass 
waterway, wooded creek bank).  We determined species diversity based on relative abundance 
by species at the quadrat scale for each vegetation section.  We calculated species richness (S) 
as the number of plant species per quadrat.  We used Simpson’s Reciprocal Index (1/D) 
(Magurran, 2004) to quantify diversity, where D=1/∑pi2, and pi = relative abundance (percent 
aerial cover) of each species i.   
     We analyzed three aspects of species composition between plant cover and bison-dispersed 
seeds: richness by plant origin, richness by vegetation class, and Bray-Curtis dissimilarity in 
species composition.  We used chi-square tests to compare species richness of plant cover and 
seeds by origin and vegetation class.  
     The hair samples that we clipped directly from the bison during the fall round-ups (Chapter 
2) provided information about seed attachment and dispersal of seeds at the end of the 
growing season.  Therefore, we measured differences in proportions of plant cover in August 
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vegetation surveys, seed composition in clipped hair, and shed hair clumps and dung samples 
collected in October and November using chi-square tests and Bray-Curtis dissimilarity.  
Correspondingly, plant cover quantified from June vegetation surveys was compared to dung 
samples and shed hair collected in April and May, when shed hair peaked on the landscape.   
     We estimated the amount of dung and shed hair within the bison enclosure from counts 
recorded monthly on the established transects.  These data allowed us to calculate the annual 
number of dung pats and shed hair clumps as the mean density of dung or shed hair per m2, 
multiplied by the total area of the bison enclosure.  Using the mean weight of dried dung pats 
(230.36 g) and shed hair clumps (3.75 g) collected from transects and the mean seeds per gram 
of dung or hair, we calculated the annual seed density dispersed by bison on the refuge via 
endozoochory and epizoochory. 
Results 
     We identified 117 plant species from 900 quadrats in 3 years of vegetation sampling within 
the bison enclosure.  Several other plant species were noted during field surveys, but not found 
within sampling quadrats.  We compared these data to 19,285 seeds of 65 plant species 
extracted from bison hair and dung samples (Chapter 2).  
Vegetation cover 
     We identified 14 species of native graminoids, 11 species of non-native graminoids, 66 
species of native forbs, 18 species of non-native forbs, 7 species of native trees, and 1 species 
of non-native tree in vegetation surveys.  Although species richness of native plants was over 3 
times greater than species richness of non-native plants, aerial cover of non-native plants (54%) 
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was significantly greater than that of native plants (46%) during the growing seasons of 2011-
2013 (Fig. 3; ANOVA, N = 900 quadrats, F[1,2] =13.93, P = 0.0002).   
     Non-native graminoids had the greatest amount of aerial cover (40%), followed by native 
graminoids (24%), native forbs (22%), non-native forbs (14%), native trees (0.8%), and non-
native trees (0.05%).  Percent cover of graminoids (64%) was significantly greater than forbs 
(36%) or trees (0.8%) (ANOVA, N= 900 quadrats, F[1,2] = 199.38, P < 0 .0001; TukeyHSD, 
graminoids- forbs: P < 0.0001, trees-forbs: P < 0.0001, trees-graminoids: P < 0.0001).   
     In the growing season of 2011, plant species with the most abundant cover were the non-
native cool season grasses Bromus inermis (16%) and Poa pratensis (13%) and the native warm 
season grasses Andropogon gerardii (11%) and Sorghastrum nutans (9%).  In 2012, the most 
dominant species were non-native cool season grasses, Poa pratensis (19%) and Bromus inermis 
(16%), followed by the native warm season grass Andropogon gerardii (13%) and the non-native 
legume Trifolium pratense (13%).  In 2013, the same plant species were again the most 
abundant; Poa pratensis (22%), Bromus inermis (16%), Andropogon gerardii (16%) and Trifolium 
pratense (7%). 
     Within delineated sections (prairie planting, old brome pasture, old farmyard, reed canary 
grass waterway, wooded creek bank; Fig. 2)  the greatest proportion of native plant cover (67%) 
was along wooded creek banks, which have had relatively little disturbance from historic 
agricultural practices or current restoration efforts.  The smallest proportion of native plant 
cover (19%) was in the old brome pasture, which formerly had been seeded to non-native 
species, and not replanted during the initial prairie reconstruction process.  All but one pairwise 
comparison of native plant cover proportions in vegetation sections, differed significantly 
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(ANOVA, N= 858 quadrats, F[4,825] =208.5, P < 0.0001; Tukey HSD, farmyard>brome: P < 0.0001, 
prairie>brome: P < 0.0001, reed canary grass (rcg) > brome: P < 0.0001, woods > brome: P < 
0.0001, prairie > farmyard: P < 0.0001, rcg > farmyard: P = 0.02, woods > farmyard: P = 0.99, 
prairie > rcg: P < 0.0001, woods > prairie: P < 0.0001, woods > rcg: P  = 0.005). 
     Total species richness was greatest on transects in the prairie planting sections and lowest in 
the old farmyard section (Table 1).  However, the prairie planting section was much larger in 
area and contained more transects than other delineated vegetation sections, so we would 
expect more species to be present.  Mean species richness per quadrat was greatest along the 
wooded creek banks and lowest in the reed canary grass waterways.  Mean species richness per 
quadrat was significantly lower in reed canary grass waterways than all other vegetation 
patches (ANOVA, N= 830 quadrats, F[4,825] =11.08, P < 0.0001, Tukey HSD, rcg-brome: P = 0.0003, 
rcg-farmyard: P = 0.001, rcg-prairie: P < 0.0001, rcg-trees: P < 0.0001).   We noted similar trends 
for Simpson’s diversity (1/D), which was greatest for wooded creek banks and lowest for reed 
canary grass waterways (Table 1), however, Simpson’s diversity indices were not significantly 
different between vegetation sections (ANOVA, N = 830 quadrats, F[1,4] =0.46, P = 0.77).   
Bison-dispersed seeds vs. vegetation cover: abundance 
     Significantly greater proportions of native seeds were extracted from shed and clipped bison 
hair (Chapter 2) than the mean proportion of native plant cover on transects (Fig. 3; ANOVA, 
F[1,3] = 393.11, P < 0.0001; Tukey HSD, veg-clip: P = 0.04, veg-shed: P = 0.0001).  However, the 
proportion of native plant cover on transects was significantly greater than the proportion of 
native seeds in bison dung (Tukey HSD veg-dung: P < 0.0001).  Native plant cover and native 
seeds in bison dung, shed hair and clipped hair all decreased over the years surveyed.  Mean 
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proportions of native plant cover and native seeds transported by bison varied significantly 
among years (ANOVA, F[3,5] = 8.85, P = 0.0002).   
     Graminoids made up the greatest proportion of plant cover, seeds in dung, and seeds in shed 
hair.  Proportions of vegetation classes were not significantly different between plant cover and 
bison-dispersed seeds (chi-square: veg cover-dung: N = 2232 samples, Χ2 = 0.07, df = 2, P = 0.97; 
veg cover-shed hair: N = 2232 samples, Χ2 = 0.07, df = 2, P = 0.97). 
     The proportion of native and non-native seeds dispersed to vegetation patches in bison dung 
and shed hair was significantly different from the proportions of native and non-native plants 
growing in those patches in all cases except for seeds in dung dispersed to the old brome 
pasture and reed canary grass waterways, and seeds in shed hair dispersed to the prairie 
plantings and wooded creek banks (Fig. 4; ANOVA, N= 2198 samples, F[1,8] = 83.3, P < 0.0001; 
Tukey HSD brome dung-veg cover: P = 0.98, prairie shed hair-veg cover: P = 0.62).  The 
proportion of native seeds dispersed by bison via shed hair was significantly greater than the 
proportion of native plants growing in the old brome pasture, old farmyard, and reed canary 
grass waterway patches, but not the prairie planting or wooded creek bank patches (ANOVA, N 
= 2198 samples, F[2,8] = 73.9, P < 0.0001; Tukey HSD, brome shed hair-veg cover: P < 0.0001, 
farmyard shed hair-veg cover: P < 0.0001, rcg shed hair-veg cover: P < 0.0001, prairie shed hair-
veg cover: P = 0.96, woods shed hair-veg cover: P = 0.77).  The proportion of native seeds 
dispersed in bison dung was significantly lower than the proportion of native plants growing in 
the prairie planting, old farmyard, and wooded creek bank patches (Fig. 4; ANOVA, N = 2198 
samples, F[2,4] = 73.9, P < 0.0001; Tukey HSD, prairie dung-veg cover: P < 0.0001, farmyard dung-
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veg cover: P < 0.0001, trees dung-veg cover: P < 0.0001, brome dung-veg cover: P = 0.45, rcg 
dung-veg cover: P = 0.1).   
Bison-dispersed seeds vs. vegetation cover: species diversity 
     Species richness of plants growing on transects (S = 117) was more than twice that of seeds 
dispersed to those transects via bison dung (S = 46) or shed hair (S = 47).  We identified many 
plant species during vegetation surveys that were not represented by seeds in bison dung or 
hair (both fall clipped and shed).  Unique plant species found growing on transects included 5 
native graminoids, 2 non-native graminoids, 35 native forbs, 8 non-native forbs, and 3 native 
trees (Chapter 3 Supplemental Information).  Although we identified some bison-dispersed 
seeds of plant species that were not surveyed in quadrats, including non-natives Echinochloa 
crus-galli, Amaranthus retroflexus, and Xanthium strumarium, and natives Verbena stricta, 
Parthenium integrifolium, Populus deltoides, and Prunus americana, all of these plants were 
observed on transects outside of the sampling quadrats.   
     Seeds extracted from shed hair and dung shared more species in common than either did 
with plants growing on transects.  The Bray-Curtis Index ranked seeds in shed hair and dung as 
48% and 45% dissimilar from plant species on transects.  The dissimilarity of species between 
shed hair and dung was only 20% (Chapter 2).  The proportion of native plant species growing 
on transects (75%) was not significantly different from the proportion of native plant species 
represented by seeds in bison dung (63%) or shed bison hair (66%) (chi-square: veg cover-dung, 
N = 2232 samples, Χ2 =0.08 df =1, P = 0.83; veg cover-shed hair, N = 2232 samples, Χ2 =0.05, df 
=1, P = 0.83).  Species richness by vegetation class was greatest for forbs in plant cover and 
bison-dispersed seeds. The proportion of tree species was lowest for all sample types, but 
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proportions by vegetation class were not significantly different (chi-square: veg cover-dung: N = 
2232 samples, Χ2 =0.15, df =2, P = 0.93; veg cover-shed hair, N = 2232 samples, Χ2=10796, df =2, 
P = 0.95). 
Fall bison-dispersed seeds and vegetation cover: abundance 
     Aerial cover of native plants in August vegetation surveys (54%) was greater than the 
proportion of native plant seeds in October and November bison dung (19%) and smaller than 
the proportion of native plant seeds in November clipped bison hair (88%) or October and 
November shed hair (77%), but differences were not statistically significant (chi-square: veg 
cover-clipped hair, N = 869 samples, Χ2 = 0.47 , df =1, P = 0.49; veg cover-shed hair, N = 869 
samples, Χ2 =0.21, df =1, P = 0.65; veg cover-dung, N = 869 samples, Χ2 =0.51, df =1, P = 0.47).  
There was a greater proportion of graminoids, and a smaller proportion of forbs in plant cover 
on transects than the proportions represented by seeds in any of the bison-dispersed samples, 
but these differences were not statistically significant (chi-square: veg cover-clipped hair, N = 
869 samples, Χ2 = 0.59, df =2, P = 0.74; veg cover-shed hair, N = 869 samples, Χ2 = 0.57, df =2, P 
= 0.75; veg cover-dung, N = 869 samples, Χ2 = 0.12, df =2, P = 0.94). 
Fall bison-dispersed seeds and vegetation cover: species diversity 
          Bray-Curtis dissimilarity between August vegetation surveys and seeds dispersed by bison 
in fall was greatest in shed hair and least in clipped hair samples (Table 2).  Bison-mediated 
dispersal modes in fall shared roughly half of their seed species in common (Table 2).  The 
proportion of native species richness was greatest in August vegetation surveys and lowest in 
fall dung seeds.  Species richness of native and non-native plants identified in August vegetation 
surveys was similar to that of fall bison-dispersed seeds, and differences were not statistically 
77 
 
significant (chi-square: veg cover-clipped hair: N = 867 samples, Χ2 = 0.02, df = 1, P = 0.89; veg 
cover-shed hair, N = 867 samples, Χ2 = 0.02, df = 1, P = 0.89; veg cover-dung, N = 867 samples, 
Χ2 = 0.19, df = 1, P = 0.66).  The proportion of forb species was greatest in August vegetation 
surveys and lowest in fall dung seeds, but we identified no significant differences in proportions 
of species by vegetation class between vegetation surveys and fall bison-dispersed seeds (chi-
square: veg cover-clipped hair, N = 867 samples, Χ2 = 0.08, df = 2, P = 0.96; veg cover-shed hair, 
N = 867 samples, Χ2 =  0.2, df = 2, P = 0.9; veg cover-dung, N = 867 samples, Χ2 = 0.24, df = 2, P = 
0.89). 
Spring bison-dispersed seeds and vegetation cover: abundance  
     Plant cover early in the growing season represented a smaller proportion of natives (38%) 
than the proportion of native seeds in shed hair (81%), but a greater proportion of natives than 
seeds found in dung (15%).  Proportions of native and non-native plant cover in June surveys 
were not significantly different from the proportion of native and non-native seeds in spring 
shed hair or dung (chi-square: veg cover-shed hair, N = 794 samples, Χ2 = 0.77, df =1, P = 0.38; 
veg cover-dung, n = 794 samples, Χ2 =0.24, df =1, P = 0.62).  The proportion of graminoids in 
plant cover (60%) was less than that of graminoid seeds in spring shed hair (93%) or dung 
(73%).  Plant cover contained greater proportions of both forbs (39%) and trees (0.8%) than 
seeds in spring shed hair or dung, but differences in proportions of vegetation classes were not 
statistically significant (chi-square: veg cover-shed hair, N = 794 samples, Χ2 = 0.45, df = 2, P = 
0.8; veg cover-dung, N = 794 samples, Χ2 = 0.06, df =2, P = 0.97). 
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Spring bison-dispersed seeds and vegetation cover: species diversity 
     Bray-Curtis dissimilarity between early season vegetation surveys and seeds dispersed by 
bison was greatest in spring shed bison hair and lowest in spring dung samples (Table 2).  The 
proportion of native species richness was greatest in early season vegetation surveys (76%) and 
lowest in spring shed hair seeds (50%), but differences were not statistically significant (chi-
square: veg cover-shed hair, N = 1057 samples, Χ2 = 0.38, df = 1, P = 0.54; veg cover-dung, N = 
1057 samples, Χ2 = 0.33, df = 1, P = 0.57).  The proportion of forb species was greatest in plant 
cover and lowest in seeds from spring shed hair, but we detected no significant differences in 
proportions of vegetation classes between June plant cover and spring bison-dispersed seeds 
(chi-square: veg cover-shed hair, N = 1057 samples, Χ2 = 0.85, df = 2, P = 0.65; veg cover-dung, 
N = 1057 samples, Χ2 = 0.35, df = 2, P = 0.84). 
Seed density of bison-mediated dispersal 
     The average annual density of shed hair on transects was 0.0099 ± 0.015 hair clumps/m2 (n = 
149).  Through epizoochory, bison deposit an estimated 1,194,290 seeds each year within the 
refuge.  This amounts to roughly 19,263 seeds per bison each year.  This estimate includes the 
roughly 42% of seeds that attach in fall, including most of the forb species, that detach from 
bison hair before it is shed in spring (Chapter 2).  Seeds picked up during the growing season 
that detach from bison independent of shed hair were not quantified.  The average annual 
density of dung on transects was 0.01738 ± 0.02189 dung pats/m2 (n = 269).  We conservatively 
estimate that the 56-89 bison within the refuge deposited about 52,661 dung pats per year, 
which facilitates the long distance dispersal of 21,716,010 total seeds, or about 1,954,441 viable 
(Chapter 2) seeds annually.  If we assume that North American bison defecate at rates similar to 
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European bison (Bison bonasus), we can use the mean rate of 8 defecations per day (Eycott et 
al., 2013), the mean weight of winter and summer dung pats from our study site (230.36 g + 
64.9g), and the mean number of seeds per gram of dung (1.79 + 3.73), to calculate an estimate 
of 1,204,051 total seeds, or 108,365 viable seeds dispersed per bison via endozoochory, each 
year.   
Discussion 
     As with most reconstructed prairies of the mid-continent in North America, our study site 
has had a history of intensive agriculture.  The resulting grasslands are now a mix of both native 
plant species, established through restoration efforts, and non-native plants, which have 
germinated from the soil seed bank and invaded from surrounding fields.  Efforts to maintain 
native prairie species, while controlling exotic plants, are ongoing.  Although we found the 
number of native plant species to be over 3 times greater than the species richness of non-
native plants, our research has also shown that the most numerous seeds dispersed by abiotic 
seed rain were from two non-native species Poa pratensis and Trifolium pratense (Chapter2). 
     Differences in the abundance of plant species between delineated sections of the prairie 
reconstruction were primarily due to soil moisture conditions and land use history.  Current 
wooded creek bank sections had sparse tree cover surrounded by plowed agricultural fields in 
aerial photos taken in the 1930’s (Iowa State University Geographic Information Systems 
Support & Research Facility).  Tree cover increased in aerial photos taken over subsequent 
decades, and today the creek bank sections are dominated by native trees with an understory 
of primarily native woodland herbaceous plants.  Neither planted native prairie species, nor 
accompanying non-native species from adjacent sections, have successfully colonized these 
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shaded areas.  Open riparian areas were invaded by Phalaris arundinacea during the period of 
agricultural cultivation and remained dominated by this aggressive non-native grass even after 
prairie reconstruction began in the 1990’s.  Sections of Bromus inermis-dominated pasture 
were, as previously noted, left intact during the initial phases of grassland restoration.  Old 
farmyard sections were subject to intense disturbance historically, and although replanted with 
native prairie species as part of the reconstruction process, are currently dominated by the 
non-native, cool season grass Bromus inermis and the disturbance tolerant native forb 
Ambrosia trifida.  Remaining sections reflect the mix of native prairie species planted to upland 
and lowland open areas.  
          A review of seed dispersal literature from 1925-2008 found that long distance dispersal of 
seeds is most likely to occur in open terrestrial landscapes, and to be mediated by large 
animals, migratory animals, extreme weather events, ocean currents, and human 
transportation (Nathan et al., 2008).  In our study of an open grassland system with highly 
mobile, large mammals, we have demonstrated that bison are facilitating the long distance 
dispersal of native seeds via shed hair into sections dominated by non-native plant species.  
Large (> 3m diameter) bare soil disturbances created by bison wallowing behavior in these 
areas may represent sites of directed dispersal for many seed species, providing germination 
sites for a disproportionately high number of seeds.  From counts of seed species richness in 
hair samples clipped from bison in the fall and the species richness of shed hair samples 
collected in spring, it is evident that many seed species are dislodged from bison hair over 
winter (Chapter 2).  Almost half of the seeds attached to bison hair at the end of the plant 
growing season are dispersed between fall and spring, as bison travel through various 
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delineated sections in the prairie.  Given the frequency with which bison move long distances in 
unrestricted landscapes, this creates enormous potential for gene flow between isolated 
populations of native plants.   
     Bison may be uniquely suited as long distance dispersal vectors for native tallgrass prairie 
species.  Native warm season grasses may remain attached to bison hair for more than 5 
months, much longer than many other plant seed species (Chapter 2).  Diaspores of many 
native grasses have hairs and spine-like projections, which may represent a type of dispersal 
trade off (Levin et al., 2003).  Combined with the 2-3 m plant heights at which these seeds are 
produced, the seed coat hairs act to slow terminal velocity and add lift, thus carrying the seeds 
farther by wind dispersal.  But, the tall plant height also enables seed contact with the long 
woolly coats of passing bison.  In an experimental study of epizoochory by mammals, bison hair 
was an effective dispersal vector for a wide variety of seed morphologies, consistently having 
the highest rate of seed attachment and retention for most diaspores tested (Kulbaba et al., 
2009).  Additional research from our study site has shown the rate of seed attachment to bison 
hair per cm2 to be nearly 3 times greater than that of other common grassland mammals, 
including elk (Cervus canadensis), white-tailed deer (Odocoileus virginianus), coyote (Canis 
latrans), red fox (Vulpes vulpes), gray fox (Urocyon cinereoargenteus), bobcat (Lynx rufus), 
American badger (Taxidea taxus), raccoon (Procyon lotor), opossum (Didelphis virginiana), 
groundhog (Marmota monax), and cottontail rabbit (Sylvilagus floridanus) (Eyheralde and 
Brooks, unpublished data).  Other studies of epizoochory and endozoochory by large animals, 
including ratites (Westcott et al., 2005; Calvino-Cancela et al., 2006), deer (Vellend et al., 2003; 
Myers et al., 2004), donkeys (Couvreur et al., 2008), and European bison (Jaroszewicz et al., 
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2008) have shown that the long distance dispersal curves of seeds may be attributed to the 
interactions between plants and animal dispersers rather than the primary dispersal abilities of 
the plant alone.  
     A great concern to managers of restored prairies is whether bison would facilitate 
restoration efforts by dispersing native plant seeds or hamper efforts by spreading non-native 
seeds.  In a study of introduced bison in an island ecosystem off the coast of southern 
California, bison spread more non-native than native seeds in shed hair and dung, both in terms 
of species richness and abundance (Constible et al., 2005).  Non-native seeds were over 11 
times more abundant than native seeds in shed hair samples. In an Oklahoma remnant tallgrass 
prairie however, where bison are native, native seed species abundance and native species 
richness were greater in samples of hair clipped from bison during a November round-up (Rosas 
et al., 2008).  The number of native seed species extracted from bison hair was nearly 4 times 
greater than the number of non-native seeds.  In our study, bison dispersed a significantly 
greater proportion of native seeds than non-native seeds by epizoochory.  However, bison 
transported a large proportion of non-native seed species in dung to delineated sections 
dominated by native plants.  Germination tests though, indicate very low rates of seed survival, 
especially for soft-coated seeds of grass species (Chapter 2).  Tiny, hard-coated seeds, such as 
non-native Trifolium spp. and native Carex spp. are the most likely to survive dispersal to new 
areas via endozoochory.   
     A recent meta-analysis of seed dispersal by European ungulates showed that seeds were 
more likely to be dispersed by epizoochory or endozoochory based on the seed release height 
of the plant, the diaspore shape, and types of appendages on the diaspore (Albert et al., 2015).  
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Seeds with elongated diaspores and hooked appendages, released above 20 cm were likely to 
be dispersed exclusively by epizoochory.  Seeds with rounded diaspores or flat appendages, 
released below 20 cm, were likely to be dispersed exclusively by endozoochory.  Our study of 
epizoochory and endozoochory has shown bison to be effective dispersal agents for a large 
percentage of whatever plant seeds they are exposed to, including a wide variety of seed 
morphology types of both native and non-native species.  The distinct differences we found in 
the dispersal abilities of seed species via epizoochory and endozoochory may directly affect the 
spatial structure of plant populations, as well as the composition of plant communities where 
bison are present (Levin et al., 2003).   
     These findings add to our understanding of bison as seed dispersal agents in tallgrass prairie 
ecosystems by providing missing empirical data to key parts of the seed dispersal effectiveness 
framework (Fig. 1).  Adding to the dispersal component of SDE, we have quantified the number 
of seeds dispersed by bison via 2 different dispersal routes, epizoochory and endozoochory, in 
relation to the relative abundance of plant species in a tallgrass prairie reconstruction.  Through 
measurements of seed abundance in hair clipped from bison at the end of the plant growing 
season and shed hair collected on the prairie in spring, we have estimated the rate of seed 
attachment and detachment from hair.  Seed germination tests revealed new information 
about the quality and treatment of seeds during consumption and digestion by bison (Chapter 
2).  Our work adds to the components of SDE in grassland ecosystems determined previously in 
other studies.  Further study is needed to provide information about the subsequent survival 
and growth of plant seedlings. Bison grazed prairies may be particularly well suited for 
comprehensive studies of SDE because grassland plants are recruited into populations at a 
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much faster rate than are trees in forest ecosystems, allowing for easier measurement of the 
probability of a dispersed seed surviving to become a reproductive adult. 
 
LITERATURE CITED 
Albert, A., A. Marell, M. Picard, and C. Baltzinger. 2015. Using basic plant traits to predict 
ungulate seed dispersal potential. Ecography 38:440-449. 
Cain, M. L., B. G. Milligan, and A. E. Strand. 2000. Long-distance seed dispersal in plant 
populations. American Journal of Botany 87:1217-1227. 
Calvino-Cancela, M., R. R. Dunn, E. J. B. van Etten, and B. B. Lamont. 2006. Emus as non-
standard seed dispersers and their potential for long-distance dispersal. Ecography 
29:632-640. 
Carrington, M. E. 2014. Seed size and recruitment limitation influence seedling establishment in 
three tallgrass prairie species. Plant Ecology 215:1163-1172. 
Clark, J. S., C. Fastie, G. Hurtt, S. T. Jackson, C. Johnson, G. A. King, M. Lewis, J. Lynch, S. Pacala, 
C. Prentice, E. W. Schupp, T. Webb, and P. Wyckoff. 1998. Reid's paradox of rapid plant 
migration - Dispersal theory and interpretation of paleoecological records. Bioscience 
48:13-24. 
Comita, L. S., S. A. Queenborough, S. J. Murphy, J. L. Eck, K. Xu, M. Krishnadas, N. Beckman, and 
Y. Zhu. 2014. Testing predictions of the Janzen-Connell hypothesis: a meta-analysis of 
experimental evidence for distance- and density-dependent seed and seedling survival. 
Journal of Ecology 102:845-856. 
Connell, J. H. 1971. On the roles of natural enemies in preventing competitive exclusion in some 
marine animals and in rain forest trees. Wageningen, Neth.: Centre Agr. Publ. 
Doc., Stud. Inst. Dyn. Numb. Popul., Oosterbeek. 
Constible, J. M., R. A. Sweitzer, D. H. Van Vuren, P. T. Schuyler, and D. A. Knapp. 2005. Dispersal 
of non-native plants by introduced bison in an island ecosystem. Biological Invasions 
7:699-709. 
85 
 
Copeland, T. E., W. Sluis, and H. F. Howe. 2002. Fire season and dominance in an Illinois 
tallgrass prairie restoration. Restoration Ecology 10:315-323. 
Coppedge, B. R. 2009. Patterns of Bison Hair Use in Nests of Tallgrass Prairie Birds. Prairie 
Naturalist 41:110-115. 
Coppedge, B. R., D. M. Leslie, and J. H. Shaw. 1998. Botanical composition of bison diets on 
tallgrass prairie in Oklahoma. Journal of Range Management 51:379-382. 
Coppedge, B. R., and J. H. Shaw. 2000. American bison Bison bison wallowing behavior and 
wallow formation on tallgrass prairie. Acta Theriologica 45:103-110. 
Couvreur, M., K. Verheyen, M. Vellend, I. Lamoot, E. Cosyns, M. Hoffmann, and M. Hermy. 
2008. Epizoochory by large herbivores: merging data with models. Basic and Applied 
Ecology 9:204-212. 
Dickson, T. L., and B. L. Foster. 2008. The relative importance of the species pool, productivity 
and disturbance in regulating grassland plant species richness: a field experiment. 
Journal of Ecology 96:937-946. 
Dickson, T. L., and C. E. Mitchell. 2010. Herbivore and Fungal Pathogen Exclusion Affects the 
Seed Production of Four Common Grassland Species. Plos One 5. 
Eilers, L., and D. Roosa. 1994. The vascular plants of Iowa: and annotated checklist and 
natural history. University of Iowa Press, Iowa City, IA. 
Ellstrand, N. C. 2014. Is gene flow the most important evolutionary force in plants? American 
Journal of Botany 101:737-753. 
Epp, H., and I. Dyck. 2002. Early human-bison population interdependence in the plains 
ecosystem. Great Plains Research 12:323-337. 
Epp, H. T. 1988. Way of the migrant herds - duel dispersion strategy among bison. Plains 
Anthropologist 33:309-320. 
Eycott, A., K. Daleszczyk, J. Drese, A. S. Cantero, J. Pebre, and S. Gladys. 2013. Defecation rate in 
captive European bison, Bison bonasus. Acta Theriologica 58:387-390. 
86 
 
Eyheralde, P. 2015. Bison-mediated seed dispersal and abiotic seed rain in a tallgrass prairie 
reconstruction (PhD Dissertation). Iowa State University, Retrieved from Iowa State 
University Digital Repository. 
Fortin, D., and M.-E. Fortin. 2009. Group-size-dependent association between food profitability, 
predation risk and distribution of free-ranging bison. Animal Behaviour 78:887-892. 
Fortin, D., M.-E. Fortin, H. L. Beyer, T. Duchesne, S. Courant, and K. Dancose. 2009. Group-size-
mediated habitat selection and group fusion-fission dynamics of bison under predation 
risk. Ecology 90:2480-2490. 
Foster, B. L. 2002. Competition, facilitation, and the distribution of Schizachyrium scoparium 
along a topographic-productivity gradient. Ecoscience 9:355-363. 
Gokbulak, F. 2002. Effect of American bison (Bison bison L.) on the recovery and germinability 
of seeds of range forage species. Grass and Forage Science 57:395-400. 
Hart, R. H. 2001. Where the buffalo roamed: Or did they? Great Plains Research 11:83-102. 
Hawley, A. W. L., D. G. Peden, and W. R. Stricklin. 1981. Bison and hereford steer digestion of 
sedge hay. Canadian Journal of Animal Science 61:165-174. 
Higgins, S. I., R. Nathan, and M. L. Cain. 2003. Are long-distance dispersal events in plants 
usually caused by nonstandard means of dispersal? Ecology 84:1945-1956. 
Higgins, S. I., and D. M. Richardson. 1999. Predicting plant migration rates in a changing world: 
The role of long-distance dispersal. American Naturalist 153:464-475. 
Horvitz, C. C., A. L. Koop, and K. D. Erickson. 2015. Time-invariant and stochastic disperser-
structured matrix models: invasion rates of fleshy-fuited exotic shrubs. Discrete and 
Continuous Dynamical Systems-Series B 20:1639-1662. 
Howe, H. F., and J. S. Brown. 1999. Effects of birds and rodents on synthetic tallgrass 
communities. Ecology 80:1776-1781. 
Howe, H. F., and J. S. Brown. 2001. The ghost of granivory past. Ecology Letters 4:371-378. 
87 
 
Howe, H. F., and J. Smallwood. 1982. Ecology of seed dispersal. Annual Review of Ecology and 
Systematics 13:201-228. 
Janzen, D. H. 1970. Herbivores and number of tree species in tropical forests. American 
Naturalist 104:501-&. 
Jarchow, M. E., and M. Liebman. 2013. Nitrogen fertilization increases diversity and productivity 
of prairie communities used for bioenergy. Global Change Biology Bioenergy 5:281-289. 
Jaroszewicz, B., and E. Piroznikow. 2011. Dung longevity influences the fate of 
endozoochorically dispersed seeds in forest ecosystems. Botany-Botanique 89:779-785. 
Jaroszewicz, B., E. Piroznikow, and R. Sagehorn. 2008. The European bison as seed dispersers: 
the effect on the species composition of a disturbed pine forest community. Botany-
Botanique 86:475-484. 
Kagima, B., and W. S. Fairbanks. 2013. Habitat selection and diet composition of reintroduced 
native ungulates in a fire-managed tallgrass prairie reconstruction. Ecological 
Restoration 31:79-88. 
Kholodova, M. V., and I. P. Belousova. 1989. Consumption and assimilation of nutrient 
substances and energy by bison-bonasus. Zoologichesky Zhurnal 68:107-117. 
Kroiss, S. J., and J. HilleRisLambers. 2015. Recruitment limitation of long-lived conifers: 
implications for climate change responses. Ecology 96:1286-1297. 
Kulbaba, M. W., J. C. Tardif, and R. J. Staniforth. 2009. Morphological and Ecological 
Relationships between Burrs and Furs. American Midland Naturalist 161:380-391. 
Levin, S. A., H. C. Muller-Landau, R. Nathan, and J. Chave. 2003. The ecology and evolution of 
seed dispersal: A theoretical perspective. Annual Review of Ecology Evolution and 
Systematics 34:575-604. 
Lindell, C. A. 2008. The value of animal behavior in evaluations of restoration success. 
Restoration Ecology 16:197-203. 
88 
 
MacDougall, A. S., and R. Turkington. 2005. Are invasive species the drivers or passengers of 
change in degraded ecosystems? Ecology 86:42-55. 
Magurran, A. E. 2004. Measuring biological diversity. Measuring biological diversity.:i-viii, 1-256. 
Maichak, E. J., K. L. Schuler, and M. E. Payton. 2004. Daily and seasonal behavior of bison on an 
Oklahoma tallgrass prairie. Prairie Naturalist 36:103-118. 
Martin, L. M., and B. J. Wilsey. 2006. Assessing grassland restoration success: relative roles of 
seed additions and native ungulate activities. Journal of Applied Ecology 43:1098-1109. 
McMillan, B. R., M. R. Cottam, and D. W. Kaufman. 2000. Wallowing behavior of American bison 
(Bos bison) in tallgrass prairie: an examination of alternate explanations. American 
Midland Naturalist 144:159-167. 
Meagher, M. 1989. Range expansion by bison of Yellowstone-Nationalo Park. Journal of 
Mammalogy 70:670-675. 
Mokany, K., S. Prasad, and D. A. Westcott. 2015. Impacts of climate change and management 
responses in tropical forests depend on complex frugivore-mediated seed dispersal. 
Global Ecology and Biogeography 24:685-694. 
Myers, J. A., M. Vellend, S. Gardescu, and P. L. Marks. 2004. Seed dispersal by white-tailed deer: 
implications for long-distance dispersal, invasion, and migration of plants in eastern 
North America. Oecologia 139:35-44. 
Nathan, R., E. Klein, J. J. Robledo-Arnuncio, and E. Revilla. 2012. Dispersal kernels: review. 
Dispersal Ecology and Evolution:187-210. 
Nathan, R., F. M. Schurr, O. Spiegel, O. Steinitz, A. Trakhtenbrot, and A. Tsoar. 2008. 
Mechanisms of long-distance seed dispersal. Trends in Ecology & Evolution 23:638-647. 
Neilson, R. P., L. F. Pitelka, A. M. Solomon, R. Nathan, G. F. Midgley, J. M. V. Fragoso, H. Lischke, 
and K. Thompson. 2005. Forecasting regional to global plant migration in response to 
climate change. Bioscience 55:749-759. 
89 
 
NOAA. 1981-2013. Annual Climatological Summary 1981-2013, Des Moines International 
Airport, Iowa, USA. National Oceanic and Atmospheric Administration National 
Environmental Satellite, Data, and Information Service, National Climatic Data Center. 
NOAA. 2011-2013. National Climatic Data Center, Monthly Summaries of GHCN-Daily 2011-
2013 National Oceanic and Atmospheric Administration National Environmental 
Satellite, Data, and Information Service, National Climatic Data Center. 
Plumb, G. E., and J. L. Dodd. 1993. Foraging ecology of bison and cattle on a mixed prairie - 
implications for natural area management. Ecological Applications 3:631-643. 
Primack, R. B., and S. L. Miao. 1992. Dispersal can limit local plant-distribution. Conservation 
Biology 6:513-519. 
R Core Team. 2015. R: a language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. www.r-project.org. 
Rabinowitz, D., and J. K. Rapp. 1980. Seed rain in a North American tall grass prairie. Journal of 
Applied Ecology 17:793-802. 
Rapp, J. K., and D. Rabinowitz. 1985. Colonization and establishment of Missouri prairie plants 
on artificial soil disturbances. 1. Dynamics of forb and graminoid seedlings and shoots. 
American Journal of Botany 72:1618-1628. 
Raynor, E. J., A. Joern, and J. M. Briggs. 2015. Bison foraging responds to fire frequency in 
nutritionally heterogeneous grassland. Ecology 96:1586-1597. 
Reed, A. W., G. A. Kaufman, and D. W. Kaufman. 2005. Rodent seed predation and GUDs: effect 
of burning and topography. Canadian Journal of Zoology-Revue Canadienne De Zoologie 
83:1279-1285. 
Robitaille, J. F., and J. Prescott. 1993. Use of space and activity budgets in relation to age and 
social status in a captive herd of American Bison-bison-bison. Zoo Biology 12:367-379. 
Rosas, C. A., D. M. Engle, and J. H. Shaw. 2005. Potential ecological impact of diet selectivity and 
bison herd composition. Great Plains Research 15:3-13. 
90 
 
Rosas, C. A., D. M. Engle, J. H. Shaw, and M. W. Palmer. 2008. Seed dispersal by Bison bison in a 
tallgrass prairie. Journal of Vegetation Science 19:769-778. 
Schuler, K. L., D. M. Leslie, J. H. Shaw, and E. J. Maichak. 2006. Temporal-spatial distribution of 
American bison (Bison bison) in a tallgrass prairie fire mosaic. Journal of Mammalogy 
87:539-544. 
Schupp, E. W., P. Jordano, and J. Maria Gomez. 2010. Seed dispersal effectiveness revisited: a 
conceptual review. New Phytologist 188:333-353. 
Spiegel, O., and R. Nathan. 2007. Incorporating dispersal distance into the disperser 
effectiveness framework: frugivorous birds provide complementary dispersal to plants 
in a patchy environment. Ecology Letters 10:718-728. 
Sullivan, A. T., and H. F. Howe. 2011. Response of two prairie forbs to repeated vole herbivory. 
Oecologia 165:1007-1015. 
Vander Wall, S. B., K. M. Kuhn, and M. J. Beck. 2005. Seed removal, seed predation, and 
secondary dispersal. Ecology 86:801-806. 
Vellend, M., J. A. Myers, S. Gardescu, and P. L. Marks. 2003. Dispersal of Trillium seeds by deer: 
Implications for long-distance migration of forest herbs. Ecology 84:1067-1072. 
Westcott, D. A., J. Bentrupperbaumer, M. G. Bradford, and A. McKeown. 2005. Incorporating 
patterns of disperser behaviour into models of seed dispersal and its effects on 
estimated dispersal curves. Oecologia 146:57-67. 
Widga, C., J. D. Walker, and L. D. Stockli. 2010. Middle Holocene Bison diet and mobility in the 
eastern Great Plains (USA) based on delta C-13, delta O-18, and Sr-87/Sr-86 analyses of 
tooth enamel carbonate. Quaternary Research 73:449-463. 
Wilsey B, and Martin L (2015) Top-down control of rare species abundance by native ungulates    
              in a grassland restoration. Restoration Ecology. 23:4:465-472 
Woods, T. M., D. C. Hartnett, and C. J. Ferguson. 2009. High propagule production and 
reproductive fitness homeostasis contribute to the invasiveness of Lespedeza cuneata 
(Fabaceae). Biological Invasions 11:1913-1927. 
 
91 
 
Tables 
 
 
Table 1. Plant species richness and diversity in delineated sections of a reconstructed tallgrass 
prairie at the Neal Smith National Wildlife Refuge, Iowa, U.S.A. 2011, 2012, 2013. (SD = 
standard deviation). 
Vegetation 
Section 
Species 
Richness (S) 
 
Simpson’s (1/D) n (quadrats) Mean S per 
quadrat 
 
SD of S % Native 
Plants 
% Non-
Native 
Plants 
Prairie 
Planting 
84 9.55  684 6.0 1.73 50% 50% 
Old Brome 
Pasture 
41 3.73 90 5.60 1.92 19% 81% 
Old Farm 
Yard 
27 4.66 18 6.06 1.70 28% 72% 
Reed Canary 
Grass 
Waterway 
46 2.46 38 4.53 2.93 32% 68% 
Wooded 
Creek Bank 
53 15.89 38 6.21 1.60 67% 33% 
 
 
 
 
 
Table 2. Bray-Curtis dissimilarity of species identified in vegetation surveys and seeds dispersed 
by bison a reconstructed tallgrass prairie at the Neal Smith National Wildlife Refuge, Iowa, 
U.S.A. 2011,2012,2013. 
Comparison  Spring  Fall 
Vegetation Surveys – Dung 61% 49% 
Vegetation Surveys - Shed Hair 70% 74% 
Vegetation Surveys – Clipped Hair -  48% 
Dung - Shed Hair 43% 56% 
Clipped Hair – Shed Hair  - 53% 
Clipped Hair - Dung  - 46% 
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Figure 2.  Delineated sections based on plant communities and land use history in a 
reconstructed tallgrass prairie, Neal Smith National Wildlife Refuge, Iowa, USA.  
Tan: prairie planting, Light Green: old brome pasture, Brown: old farmyard, White: 
reed canary grass waterway, Dark Green: wooded creek bank 
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Figure 3.  Proportions of native and non-native plant cover and native and non-native bison-
dispersed seeds in a reconstructed tallgrass prairie, Neal Smith National Wildlife Refuge, April 
2011- October 2013.  Vertical bars are one standard error of the mean.  * indicate significant 
differences (P < 0.05) between proportion of natives and non-natives. 
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Figure 4.  Native plant cover and native seeds dispersed by bison to delineated vegetation 
patches in a tallgrass prairie reconstruction at the Neal Smith National Wildlife Refuge, Iowa 
2011-2013. * indicate significant difference (P < 0.05) between proportions of native seeds in 
dung or shed hair and native plant cover. 
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Supplemental Information 
     Unique plant species found growing on transects that were not represented by seeds in 
bison dung or hair included 5 native graminoids: Dichanthelium leibergii, Elymus virginicus, 
Equisetum arvense, Scirpus atrovirens, Spartina pectinata, 2 non-native graminoids: Agrostis 
gigantea, Anthoxanthum odoratum; 35 native forbs: Acalypha ostryifolia, Agastache 
scrophulariifolia, Amphicarpaea bracteata, Apocynum sibiricum, Asclepias syriaca, Calystegia 
sepium, Campanula americana, Cirsium altissimum, Conyza canadensis, Erigeron annuus, 
Eupatorium rugosum, Euphorbia corollata, Fragaria virginiana, Geum canadense, Hydrophyllum 
virginianum, Impatiens capensis, Lactuca biennis, Lobelia siphilitica, Lythrum alatum, Oxalis 
stricta, Parthenocissus quinquefolia, , Physalis heterophylla, Ribes cynosbati, Rosa carolina, 
Rudbeckia hirta, Rudbeckia laciniata, Ruellia humilis, Sagittaria latifolia, Sambucus Canadensis, 
Silphium laciniatum, Silphium perfoliatum, Smilax hispida, Symphoricarpos orbiculatus, 
Toxicodendron radicans, Viola sororia; 8 non-native forbs: Abutilon theophrasti, Cirsium 
arvense, Leonurus cardiaca, Lotus corniculatus, Portulaca oleracea, Prunella vulgaris, Sonchus 
arvensis, Verbascum thapsus; and 3 native trees: Cornus racemosa, Prunus americana, Ulmus 
americana.   
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CHAPTER 4. PLANT RESPONSE TO NATURAL AND ARTIFICIAL BISON WALLOWS 
IN RECONSTRUCTED AND RESTORED TALLGRASS PRAIRIE 
 
A paper to be submitted for publication 
Peter G. Eyheralde and W. Sue Fairbanks 
ABSTRACT 
     Bison (Bison bison) are considered a keystone species in the evolution of tallgrass prairie 
ecosystems because of their significant influence on grassland dynamics through grazing, 
nutrient cycling, seed dispersal, and wallowing behaviors.  The small-scale disturbance of 
vegetation and soil caused by bison wallowing increases plant species diversity in tallgrass 
prairies, and may be important in maintaining spatial heterogeneity of plant species in 
reconstructed and restored prairies.  We conducted a manipulative field experiment to test the 
independent effects of bison activity (grazing, trampling, defecation, urination), bison-mediated 
seed deposition, and the physical effects of disturbed bare soil in and around wallows, on plant 
composition and establishment in tallgrass prairie.  We measured the response of plants to 
bare soil disturbances of bison wallows and replicated bison wallows in a reconstructed 
tallgrass prairie at Neal Smith National Wildlife Refuge, Iowa, and in a prairie restoration with 
recently introduced bison at the Dunn Ranch Prairie, Missouri.  Wallowing behaviors by bison 
decreased plant species richness at the local scale, but increased the total species richness of 
prairie sites.  Bison wallow sites had a greater proportion of both forbs and non-native plants 
than undisturbed control sites.  Seed additions to wallow sites did not result in significant 
differences to plant composition.  Our results suggest that soil disturbance alone does not 
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increase plant species richness to the same levels as measured in bison wallow sites.  Additional 
activities of bison, such as grazing of dominant grasses, trampling surrounding vegetation, or 
adding nutrients to soil through urine and dung, resulted in changes to the plant communities 
around active wallows.  
Keywords:  bison, wallows, tallgrass prairie, reconstructed prairie, prairie restoration, zoochory, 
grazing 
Introduction 
     Bison (Bison bison) are considered a keystone species in the evolution of tallgrass prairie 
ecosystems because of their significant influence on grassland dynamics through grazing, 
nutrient cycling, and wallowing behaviors (Knapp et al., 1999).  Today tallgrass prairie is a 
critically endangered ecosystem in North America, and restoration of degraded remnants and 
reconstruction of new grasslands are primary conservation strategies (Samson et al., 2004).  
Although historically fire and large, native grazers were highly influential in maintaining open 
grasslands (Coppock &  Detling, 1986; Hobbs et al., 1991; Hartnett et al., 1996; Coppedge &  
Shaw, 1998; Trager et al., 2004; Wallace &  Crosthwaite, 2005; Collins &  Smith, 2006; 
Fuhlendorf et al., 2009; Spasojevic et al., 2010), currently only fire is used as a management 
tool in the majority of prairies east of the Missouri River.  In the absence of grazing, 
reconstructed tallgrass prairies often decrease in diversity and become dominated by a handful 
of grass species (Copeland et al., 2002; Sluis, 2002; Camill et al., 2004).  In addition to the direct 
and indirect effects of grazing (Hobbs et al., 1991; Coppedge et al., 1998a; Collins &  Smith, 
2006; Wilsey &  Martin, 2015), a key element lacking in grassland communities without bison is 
the effect of disturbance from wallowing. 
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     Wallowing is a behavior most often exhibited in the spring, summer, and early fall (McMillan 
et al., 2000), where bison paw at the ground and repeatedly roll from side to back, creating 
depressions of bare soil from 1 to several meters in diameter (McHugh, 1958; Lott, 1974; 
Reinhardt, 1985a).  This behavior, seen in both male and female bison, is primarily for relief 
from biting insects (McMillan et al., 2000), but may also have a function in dominance displays 
between rutting males (McHugh, 1958; Lott, 1974), non-aggressive social interactions 
(Reinhardt, 1985b; Coppedge &  Shaw, 2000), or thermoregulation (Maichak et al., 2004). 
     The small-scale disturbance of vegetation and soil caused by bison wallowing increases plant 
species diversity and structural diversity within remnant tallgrass prairie (McMillan et al., 2011), 
allowing some species to establish that would normally be outcompeted by dominant plants.  
Soil compaction of wallows can result in retention of rainwater, increasing the abundance of 
wetland-adapted plants (Polley, 1984; Gibson, 1989; Uno, 1989), and providing breeding 
habitat for grassland amphibians (Gerlanc &  Kaufman, 1997).  These changes in vegetation can 
have long-lasting impacts, affecting landscape diversity over much greater timescales than 
other types of animal-mediated soil disturbances (Gibson, 1989; McMillan et al., 2011). 
     Bison transport viable seeds, both by attachment to hair (epizoochory) and in their dung 
(endozoochory) (Constible et al., 2005; Rosas et al., 2008; Eyheralde, 2015)(Chapter 2), and 
bison wallows may be areas of concentrated seed deposition by both mechanisms (Polley, 
1984; Coppedge &  Shaw, 2000; Freund et al., 2014).  The bare soil and flattened vegetation 
associated with bison wallowing behavior may represent sites of directed seed dispersal, a 
disproportionately high rate of seed deposition in habitats suitable for germination (Freund et 
al., 2014).  Seed distribution among these disturbance sites may have a substantial influence on 
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the spatial patterns of plant distribution, as well as genetic connectivity between resulting 
grassland communities (Howe &  Smallwood, 1982).  Local genetic variation may be distinct 
from regional populations, due to this type of directed dispersal, even where gene flow from 
pollen has been widespread (Jordano, 2010; Freeland et al., 2012).  
     These ecological processes, resulting from bison wallowing behavior, may be important in 
maintaining spatial heterogeneity of plant species in reconstructed and restored prairies, and 
cannot be replaced by domestic cattle, which do not wallow (McMillan et al., 2011).  The loss of 
bison from most tallgrass prairie sites may increase the rate at which patchily distributed plant 
species are lost due to isolation and reduced colonization abilities.  Conversely, remnant or 
reconstructed prairies large enough to support bison may benefit from seed dispersal and 
wallowing activities that increase the persistence of prairie forbs, including those that are 
patchily distributed or naturally rare.     
     We conducted a manipulative field experiment to test the independent effects of bison 
activity (grazing, trampling, defecation, urination), seed deposition, and the physical effects of 
disturbed bare soil in and around wallows, on plant composition and establishment in 
reconstructed and restored tallgrass prairies.  Our objective was to determine whether seed 
deposition through epizoochory, bison activity at wallow sites, physical disturbance of soil in 
wallows, or combinations of these 3 factors affected the proportion of native plant cover, the 
proportion of forb cover, or plant species richness at wallows compared to undisturbed prairie. 
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Methods 
Study sites   
     The United States Fish and Wildlife Service Neal Smith National Wildlife Refuge (NWR) is a 
2,104-ha reconstructed tallgrass prairie, located in Jasper County, Iowa, USA.  Prior to prairie 
seeding in 1992, land use included Zea mays (corn) and Glycine max (soybean) rotations and 
scattered pastures of primarily non-native species. Bison were introduced to the site in 1996, 
and established wallows surveyed in this study were potentially up to 18 years old by the last 
survey period.  At the time of this study, the USFWS maintained a herd of 56 - 89 bison in a 303-
ha enclosure, near the center of the refuge.  Throughout the refuge, tallgrass prairie is managed 
with controlled fire and occasional mowing of invasive weeds.  Within the bison enclosure, 20 
native prairie plantings of roughly 14 ha each were seeded with local ecotype seed mixes from 
1992 to 2001.  These established reconstructions are now dominated by native warm season 
grasses, Andropogon gerardii (big bluestem), Sorghastrum nutans (Indian grass) and 
Schizachyrium scoparium (little bluestem), as well as native forbs, Ambrosia artemisiifolia 
(common ragweed), Solidago canadenis (Canada goldenrod), Helianthus grosseserratus 
(sawtooth sunflower), Ratibida pinnata (gray-headed coneflower), Solidago rigida (stiff 
goldenrod) and Chamaecrista fasciculata (partridge pea).  About 50 ha of the bison enclosure 
were left as non-native pasture, dominated by Poa pratensis (Kentucky bluegrass), Bromus 
inermis (smooth brome grass), Trifolium pretense (red clover), and Trifolium repens (white 
clover).  These introduced species, as well as the non-native forb Daucus carota (Queen Anne’s 
lace) now occur throughout the bison enclosure.   
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     The Nature Conservancy’s Dunn Ranch Prairie is a 1,318-ha restored tallgrass prairie in 
Harrison County, Missouri, USA.  The site contains sections of unplowed remnant prairie, as 
well as former cool season pastures with some native plants present, that were later seeded 
with native tallgrass prairie species.  The property had been grazed by cattle until October 
2011, when 37 bison were introduced.  At the time of this study, 46 - 91 bison had access to 
505 ha of the restored prairie.  Newly created bison wallows in this study were between 0 and 
33 months old at the time of the surveys.   These restored grasslands are now dominated by a 
mix of native warm season grasses Schizachyrium scoparium (little bluestem) and Andropogon 
gerardii (big bluestem), non-native cool season grasses Festuca arundinacea (tall fescue), Poa 
pratensis (Kentucky bluegrass), and Bromus inermis (smooth brome grass), and native forbs 
Solidago canadenis (Canada goldenrod), Ambrosia artemisiifolia (common ragweed), and 
Apocynum sibiricum (clasping dogbane).  The prairie is managed primarily with controlled fire 
and grazing.  Occasional mowing occurs in some areas to control invasive plants and to enhance 
habitat for Greater Prairie Chickens (Tympanuchus cupido).   
Bison wallow surveys 
     In June and August of 2012, 2013, and 2014, we conducted vegetation surveys on 12 active 
bison wallows in the Neal Smith NWR bison enclosure and on 12 active bison wallows in The 
Nature Conservancy’s Dunn Ranch Prairie bison enclosure.  Using a 0.25m2 quadrat, we 
identified the proportion of aerial cover of plant species in the disturbed ground inside each 
wallow, at the wallow edge, and in the grazed prairie 1m adjacent to each wallow edge.  We 
used a random number generator (Random.org True Random Number Service) set from 0 to 
360 (corresponding to azimuth compass bearings) to determine the direction from the wallow 
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center for the three quadrat locations at each site.  Eight of the wallows at each site were 
located on hill tops, 2 at mid-slope, and 2 in lowland areas.  Locations of individual wallows 
were marked with a Trimble GEO XT GPS unit.  At each wallow site we recorded north-south 
length and east-west length.  Using a line level and string extending from the surface of the 
wallow edge to a stake in the deepest part of each wallow, we measured maximum depth.  We 
assessed the relative amounts of sand, silt, and clay in the soil of each wallow using standard 
soil texture field tests (moist ball test, ribbon test, and feel test).  We determined soil color at 
each wallow site by comparing samples in the field to the Munsell soil color chart.  We 
measured soil compaction with a soil penetrometer (Agricultural Solutions soil penetrometer).  
At each wallow site, we conducted vegetation surveys and soil measurements on a 
corresponding undisturbed control site of grazed prairie, located in a random direction 25m 
from the bison wallow. 
Artificial wallow experiment 
     To test the effects of physical disturbance on plant establishment without bison grazing and 
trampling, or nutrient inputs from bison dung and urine, we created 12 corresponding artificial 
wallows in May 2012 outside the bison enclosure, in the Henslow Hill and Coneflower burn 
units of the Neal Smith NWR.  These were areas that closely matched the planting date, species 
mix, and soil type of the grazed prairie within the Neal Smith NWR bison enclosure.  We created 
bare soil patches, roughly 3m in diameter, at the artificial wallow sites by removing vegetation 
with shovels to an average depth of 8cm.  We replicated the soil compaction of bison wallows 
by repeatedly throwing 27-kg sandbags onto the bare earth until the soil penetrometer 
readings (mean 300 psi) matched those of actual bison wallows.  Camera trap studies that we 
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conducted in the Neal Smith NWR bison enclosure in the summer of 2012 indicated that, 
although bison exhibit wallowing behavior daily during the growing season, wallow density 
within the enclosure is great enough that individual wallows are only used once or twice each 
month.  Based on this information, we created disturbances to the artificial wallows once each 
month throughout the growing season, with human trampling of vegetation and soil 
disturbance, as well as throwing sandbags on the inside of wallows to replicate the impact of 
bison to soil.  Eight of the artificial wallows were located on hill tops, 2 at mid-slope, and 2 in 
lowland areas.  These were marked with a Trimble GEO XT GPS unit.  Using the same methods 
as those for the bison-created wallows, we conducted vegetation surveys on the 12 artificial 
wallows and 12 corresponding undisturbed control sites in the reconstructed prairie. 
     To test the effects of bison-mediated seed dispersal on plant germination and establishment 
within and at the edge of wallows, we seeded half of the bison-created wallows, artificial 
wallows, and undisturbed control plots at the Neal Smith NWR with 9 species of native forbs 
and grasses obtained from the Neal Smith NWR seed lab.  We used a randomized block design, 
with bison grazing/disturbance treatments as the main plots.  We seeded 6 randomized 
subplots of wallow and undisturbed prairie locations within each main plot and compared these 
to control sites (wallows and undisturbed prairie sites not seeded).  We broadcast the seeds 
evenly across the wallows and raked them into the surface to mimic bison trampling and soil 
disturbance.  We also raked the bison-created wallows and artificial wallows in this study that 
were not seeded.  Seed mixes for 2012 included 100 seeds of each species per wallow (a 
number based on previous research at our study site, that could reasonably be assumed to be 
dispersed by bison to a single wallow) of the following species:  Asclepias tuberosa (butterfly 
105 
 
milkweed), Coreopsis palmata (prairie coreopsis), Ratibida pinnata (gray-headed coneflower), 
Stipa spartea (porcupine grass), Symphyotrichum novae-angliae (New England aster), and 
Vernonia baldwinii (Baldwin’s ironweed).  Seed mixes for 2013 included 100 seeds of each 
species per wallow for the following species:  Eryngium yuccifolium (rattlesnake master), 
Ratibida pinnata (gray-headed coneflower), Rudbeckia hirta (black-eyed Susan), Silphium 
perfoliatum (cup plant), Symphyotrichum novae-angliae (New England aster), and Vernonia 
baldwinii (Baldwin’s ironweed).  Seedlings and established plants of targeted species were 
counted during June and August vegetation surveys of all plots.  
Analysis 
     All analyses were performed using SAS version 9.4 (SAS Institute 2015), with the a priori level 
of significance at P < 0.05.  We used repeated measures ANOVA (PROC MIXED) to analyze 
characteristics of the plant community (abundance of seeded plant species, plant origin, 
vegetation class, species richness) in the artificial wallow experiment.  We included subplots 
(wallow and control) as the repeated measure, with main factors of seed additions, treatment 
site (bison wallow, artificial wallow), disturbance (wallow, undisturbed control), and year.  
When main factors were significant, we used Least Significant Difference (LSD) tests to test for 
significant differences in treatment means.  
     We used repeated measures ANOVA (PROC MIXED) to evaluate the plant community 
response to older established bison wallows, newly created bison wallows (0-3 years old), and 
newly created artificial wallows (0-3 years old).  Response variables included plant origin, 
vegetation class, species richness, diversity, and evenness.  We use subplot as the repeated 
measure, with main factors of treatment site (Neal Smith artificial wallows, Neal Smith bison 
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wallows, Dunn Ranch bison wallows), disturbance (wallow, undisturbed control), location 
(inside wallow, edge of wallow, prairie 1m from wallow), topographic position of wallow (hill 
top, mid slope, lowland) and year.  When main factors were significant, we used LSD tests to 
test for significant differences in treatment means.  
     We used the frequency of plant species in quadrats to calculate the Shannon species 
diversity index (Magurran, 2004), where species diversity (H’) is equal to the –Σpi · lnpi and pi is 
the relative abundance of species i.  We calculated species richness (S) as the total number of 
species at each plot, and Pielou’s index for species evenness (J’) (Magurran, 2004) as equal to 
H’/lnS.  We used Sørensen’s index (Magurran, 2004) to compare the similarity (Cs) of species 
composition between wallow sites and undisturbed control sites, and between artificial 
wallows in un-grazed prairie and bison wallows in grazed prairie.  Sørensen’s index values range 
from 0 (sites have no plant species in common) to 1 (species composition is identical at both 
sites). 
Results 
Artificial wallow experiment 
     Although we collected data for woody plant cover in our vegetation surveys, the proportion 
of tree seedlings in quadrats was minimal at all sites, so we did not include tree species cover in 
our analyses.  Differences in the mean abundance of targeted plant species, in treatment plots 
with and without seed additions, were not statistically significant, for both wallow and control 
plots, in sites with bison and without bison (Table 1).  No significant differences were detected 
in mean abundance of targeted plant species in main plots or subplots between years of survey.   
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     Native plant cover was significantly greater in artificial wallow plots than in bison wallow 
plots (Table 1; LSD, artificial wallows-bison wallows: P = 0.0002).  Seed additions did not affect 
the abundance of native plant cover.  Native plant cover increased significantly over time in 
artificial wallow plots but decreased significantly over time in bison wallow plots and in control 
plots in prairies with and without bison (Fig. 1; Table 1).  
     Proportions of forb cover in bison wallows and artificial wallows were not significantly 
different (Table 1).  Seed additions did not affect the abundance of forb cover.  Mean 
differences in forb cover between artificial wallow plots and controls were greater than that of 
bison wallows and controls (Fig. 2), and the interaction was statistically significant.  Mean 
proportion of forb cover increased over time in artificial wallow plots but decreased over time 
in bison wallow plots and control plots, with and without bison (Fig. 2).  The interaction of bison 
wallow/artificial wallow by year by disturbance was significant (Table 1).  Although year was not 
a significant main effect, it did show up in many significant interactions.  
     Species richness (S) was significantly greater in bison wallows than in artificial wallows (Table 
1; LSD, artificial wallows-bison wallows: P = 0.008).  Seed additions did not affect species 
richness.  Richness decreased over time in control plots, but richness in bison and artificial 
wallow plots increased in the second survey year and decreased in the third survey year (Fig. 3).   
Comparison of artificial wallows, newly created bison wallows, and established bison wallows 
     Over the 3 growing seasons of this study, the proportion of native plants was significantly 
greater in artificial wallow plots than in bison wallow plots (Fig. 4; Table 2; LSD, Neal Smith 
wallow-Dunn Ranch wallow: P = 0.14, artificial wallow-Dunn Ranch wallow: P = 0.005, artificial 
wallows-Neal Smith wallows: P < 0.0001).  Native plant cover was significantly greater in control 
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plots than older bison wallow plots (Fig. 4; Table 2; LSD Neal Smith bison wallows: wallow-
control P = 0.005). Differences in mean proportions of native plant cover in control plots and in 
new wallow plots (both artificial wallows and Dunn Ranch bison wallows) were not statistically 
significant (Fig. 4; Table 2; LSD artificial wallows: wallow-control P = 0.28, Dunn Ranch bison 
wallows: wallow-control P = 0.25).  Native plant cover increased significantly from year 1 to 
year 3 of the study in new wallow plots (both artificial wallows and Dunn Ranch bison wallows), 
but not in older Neal Smith bison wallow plots (Table 2; LSD, Neal Smith bison wallow, 2012-
2014: P = 0.19, Dunn Ranch bison wallow, 2012-2014: P = 0.02, artificial wallow, 2012-2014: P < 
0.0001).  Mean proportions of native plant cover were significantly lower inside wallows than in 
plots 1m from wallows at all sites (Fig. 5; Table 2; LSD, artificial wallows: inside-edge P = 0.6, 
inside-1m P = 0.002, edge-1m P = 0.007; Neal Smith bison wallows: inside-edge P < 0.0001, 
inside-1m P < 0.0001, edge-1m P = 0.74; Dunn Ranch bison wallows: inside-edge P = 0.02, 
inside-1m P = 0.03, edge-1m P = 0.97).   
     The proportion of forbs was significantly greater in Dunn Ranch bison wallow plots than in 
Neal Smith bison or artificial wallow plots (Fig. 6; Table 2; LSD, Neal Smith bison wallow-Dunn 
Ranch bison wallow: P = 0.004, artificial wallow-Dunn Ranch bison wallow: P = 0.003, artificial 
wallow-Neal Smith bison wallow: P = 0.3).  Forb cover was significantly greater in wallow plots 
than in control plots at all sites (LSD artificial wallows: wallow-control P = 0.002, Dunn Ranch 
bison wallows: wallow-control P = 0.001, Neal Smith bison wallows: wallow-control P = 0.009).  
The abundance of forb cover in artificial wallows increased significantly from year 1 to year 3 of 
the study (Table 2; LSD artificial wallow, 2012-2014: P < 0.0001), but forb cover in bison wallow 
plots did not differ significantly among years (Table 2; LSD, Neal Smith bison wallow, 2012-
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2014: P = 0.94, Dunn Ranch bison wallow, 2012-2014: P = 0.51).  Proportion of forb cover was 
greatest in plots inside artificial wallows, but greatest in plots at the edge of bison wallows, and 
the interaction was significant (Fig. 7; Table 2; LSD, artificial wallows: inside-edge P < 0.0001, 
inside-1m P < 0.0001, edge-1m P = 0.8; Neal Smith bison wallows: inside-edge P = 0.0006, 
inside-1m P = 0.058, edge-1m P = 0.12; Dunn Ranch bison wallows: inside-edge P = 0.029, 
inside-1m P = 0.028, edge-1m P = 0.99). 
          Species richness (S) was highest at Dunn Ranch Prairie (n = 165 quadrats), intermediate at 
the Neal Smith NWR prairie with bison (n = 216 quadrats), and lowest in the Neal Smith NWR 
prairie without bison (n = 216 quadrats) (Table 3).  We identified significantly more plant 
species in bison wallow plots than in artificial wallow plots (Table 2; LSD, Neal Smith bison 
wallow-Dunn Ranch bison wallow: P = 0.63, artificial wallow-Dunn Ranch bison wallow: P = 
0.049, artificial wallow-Neal Smith bison wallow: P = 0.015).  Richness was significantly greater 
in control plots than in bison wallow plots (Table 2; LSD artificial wallows: wallow-control P = 
0.13, Dunn Ranch bison wallows: wallow-control P = 0.001, Neal Smith bison wallows: wallow-
control P = 0.0001).  Species richness of artificial wallow plots increased significantly from year 
1 to year 3 of the study (Table 2; LSD artificial wallow, 2012-2014: P = 0.0003), while richness in 
bison wallow plots did not differ significantly among years (Table 2; LSD, Neal Smith bison 
wallow, 2012-2014: P = 0.17, Dunn Ranch bison wallow, 2012-2014: P = 0.66).  Mean species 
richness was significantly lower inside wallows than in plots at edges or 1m away from wallows 
at all sites (Fig. 8; Table 2; LSD, artificial wallows: inside-edge P < 0.0001, inside-1m P < 0.0001, 
edge-1m P = 0.009; Neal Smith bison wallows: inside-edge P < 0.0001, inside-1m P < 0.0001, 
edge-1m P = 0.71; Dunn Ranch bison wallows: inside-edge P < 0.0001, inside-1m P < 0.0001, 
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edge-1m P = 0.047).  Bison wallows in the Neal Smith NWR reconstructed prairie (potentially 
the oldest active wallows) had lower species richness inside of wallows and greater richness at 
the edge of wallows than the artificial wallows at the Neal Smith NWR and bison wallows at 
Dunn Ranch Prairie (active wallows from 0 – 3 years old), and the interaction was significant 
(Fig. 8; Table 2).  At all treatment sites, the topographic position of wallows (hill top, mid slope, 
lowland) had no significant effects on native plant cover, forb cover, diversity (H’), or evenness 
(J’)(Table 2).  Plant species richness (S) was greater in prairie sites with bison than without bison 
at all topographic positions, but the main factor topographic position was not statistically 
significant (Table 2).  We identified the greatest number of plant species in lowland plots of the 
bison-grazed prairie at Neal Smith NWR, but richness was greatest in mid-slope plots of the 
Dunn Ranch grazed prairie and the Neal Smith site without bison, and the interaction was 
significant (Fig. 9; Table 2).  
     Differences in plant species diversity (H’) of wallow plots between sites were not statistically 
significant (Table 2).  Diversity (H’) was significantly greater in control plots than in bison wallow 
or artificial wallow plots (Table 2; LSD artificial wallows: wallow-control P = 0.0005, Dunn Ranch 
bison wallows: wallow-control P < 0.0001, Neal Smith bison wallows: wallow-control P < 
0.0001).  Diversity of artificial wallow plots increased significantly from year 1 to year 3 of the 
study (Table 2; LSD artificial wallow, 2012-2014: P < 0.0001), but did not differ significantly 
among years in bison wallow plots (Table 2; LSD, Neal Smith bison wallow, 2012-2014: P = 0.49, 
Dunn Ranch bison wallow, 2012-2014: P = 0.34).  Plant diversity followed trends similar to 
richness, and was significantly lower inside wallows than in plots at edges or 1m away from 
wallows at all sites (Fig. 10; Table 2; LSD, artificial wallows: inside-edge P < 0.0001, inside-1m P 
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< 0.0001, edge-1m P = 0.0001; Neal Smith bison wallows: inside-edge P < 0.0001, inside-1m P < 
0.0001, edge-1m P = 0.48; Dunn Ranch bison wallows: inside-edge P < 0.0001, inside-1m P < 
0.0001, edge-1m P = 0.04).  Established bison wallows in the Neal Smith NWR had lower species 
diversity inside of wallows and greater diversity at the edge of wallows than the artificial 
wallows at the Neal Smith NWR and new bison wallows at Dunn Ranch Prairie, and the 
interaction was significant (Table 2). 
     Plant species evenness (J’) was significantly greater in artificial wallow plots than in bison 
wallow plots (Table 2; LSD, Neal Smith bison wallow-Dunn Ranch bison wallow: P = 0.1, artificial 
wallow-Dunn Ranch bison wallow: P = 0.046, artificial wallow-Neal Smith bison wallow: P = 
0.0004).  Evenness was significantly greater in control plots than in wallow plots at all sites 
(Table 2; LSD artificial wallows: wallow-control P < 0.0001, Dunn Ranch bison wallows: wallow-
control P < 0.0001, Neal Smith bison wallows: wallow-control P < 0.0001).  Evenness in new 
wallows (0-3 years old) at Neal Smith NWR and Dunn Ranch Prairie increased significantly from 
year 1 to year 3 of the study (Table 2; LSD, artificial wallow, 2012-2014: P < 0.0001, Dunn Ranch 
bison wallow, 2012-2014: P = 0.006).  Evenness of older Neal Smith NWR bison wallow plots did 
not differ significantly among years (LSD, Neal Smith bison wallow, 2012-2014: P = 0.07).  Plant 
species evenness was significantly lower inside wallows than in plots at the edge or 1m from 
wallows at all sites (Fig. 11; Table 2; LSD, artificial wallows: inside-edge P < 0.0001, inside-1m P 
< 0.0001, edge-1m P < 0.0001; Neal Smith bison wallows: inside-edge P < 0.0001, inside-1m P < 
0.0001, edge-1m P = 0.95; Dunn Ranch bison wallows: inside-edge P < 0.0001, inside-1m P < 
0.0001, edge-1m P = 0.57). 
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     Sørensen’s similarity (Cs) of plant species composition of wallows was lowest between 
artificial wallows and Dunn Ranch Prairie bison wallows (0.62), followed by the similarity of 
artificial wallows and bison wallows at Neal Smith NWR (0.64).  Plant species in wallow plots at 
the 2 bison-grazed sites were the most similar (0.68). 
     At the Neal Smith NWR site without bison, we identified 18 of the 65 plant species only in 
artificial wallow plots, while 6 species were only in undisturbed control plots.  Of the unique 
species found in artificial wallow plots, 50% were native forbs, 33% were non-native forbs, and 
17% were non-native grasses.  Similarity (Cs) of plant species composition between artificial 
wallow and un-grazed control plots (0.77) was less than that of bison wallows and 
corresponding control plots at the 2 grazed sites. 
     In the bison-grazed prairie at Neal Smith NWR, 11 of the 78 plant species identified were 
only in wallow plots, while 13 species were only in undisturbed control plots.  Of the unique 
species found in bison wallow plots, 46% were native forbs, 27% were non-native forbs, 18% 
were native grasses, and 9% were non-native grasses.  Similarity (Cs) of plant species 
composition between established bison wallows and grazed control plots (0.86) in the bison-
grazed Neal Smith NWR prairie was the highest of all sites tested.  
     In the Dunn Ranch bison-grazed prairie, we identified 12 of the 80 species only in wallow 
plots, while 10 species were only in undisturbed control plots.  Of the unique species found in 
bison wallow plots, 50% were native forbs, 33% were non-native forbs, 8% were native grasses, 
and 8% were non-native grasses.  Similarity (Cs) of plant species composition between new 
bison wallows and grazed control plots (0.82) in the Dunn Ranch Prairie restoration site was 
lower than that of the established bison wallows and control plots at the Neal Smith NWR site.    
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Discussion 
     Seed additions to wallows and undisturbed control plots did not affect the mean abundance 
of targeted species significantly.  Much of the plant recruitment in tallgrass prairie comes from 
vegetative propagules (Ott &  Hartnett, 2012; Ott &  Hartnett, 2015).  Plant recruitment from 
seeds may be only an occasional, conditional event.  It is possible that the amount of seed we 
added (600 seeds per wallow, or about 84 seeds/m2 in 2012 and 2013) was not sufficient to 
create differences in the plant composition within plots, or that the duration of the study was 
not long enough.  Additional research conducted at the Neal Smith NWR reconstructed prairie 
site estimated mean abiotic seed rain to be 1,118 seeds/m2 (Eyheralde, 2015).  Based on the 
mean area of wallow disturbance sites, this suggests that the seed rain of surrounding 
vegetation is contributing roughly 8,000 seeds to each wallow annually.  However, in a study of 
epizoochory to disturbance sites via domestic sheep in Germany, successful plant establishment 
in restoration sites was detected with a seeding rate of only 28 seeds/m2 (Freund et al., 2014).  
A single sheep with 600 seeds each of 14 plant species intentionally attached, was introduced 
to each 300 m2 bare sand area for a 24 hour period.  All but one targeted species germinated 
and grew during the 6 year study (Freund et al., 2014).  In studies of native plant establishment 
in a bison-grazed reconstructed prairie in North America, seeds broadcast on test plots at a very 
high rate of 19,700 seeds/m2 were more important than grazing for the establishment of rare 
species 4 months after planting (Martin &  Wilsey, 2006).  Subsequent vegetation surveys 
revealed that these seed additions had no significant effects on long term (9-12 years after 
planting) establishment of targeted species in un-grazed plots (Wilsey &  Martin, 2015).  Further 
experiments with larger seed additions to bison-created wallows and human created soil 
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disturbances may add to our understanding of the impacts of bison disturbance to the 
establishment of uncommon or patchily distributed species. 
     Similar to behavior noted from an Oklahoma tallgrass prairie (Coppedge &  Shaw, 2000), 
newly introduced bison at the Dunn Ranch Prairie restoration site exhibited macro- and 
microsite selection for wallowing behaviors.  Initial wallows were formed primarily on level hill 
tops and bare soil disturbances created by other animals (ant hills, badger mounds, cattle-
trampled areas next to fence gates), while steep slopes and wet bottomlands were avoided (P. 
Eyheralde, personal observations).  Bison at the Neal Smith NWR reconstructed prairie site used 
older, established wallows and also created new wallows during the time of this study, 
primarily on level uplands, in recently burned areas, and on bare soil disturbances created by 
maintenance activities (P. Eyheralde, personal observations).   
     Our surveys of artificial and bison-created wallow sites indicated that plant composition may 
change dramatically after initial soil disturbance, but stabilize over longer time periods.  In 
artificial wallow plots native plant cover increased sharply in the first two years after soil 
disturbance, but only increased to the same levels measured in nearby control plots.  Native 
plant cover in established bison wallow plots remained consistently lower than the proportion 
of native cover in control plots throughout the 3 year study.  This suggests that bison activities 
in and around wallows, rather than soil disturbance alone, maintain a lower proportion of 
native plant cover than that of nearby undisturbed prairie.  In artificial wallows we identified 
the greatest proportion of native plants in plots 1m away from wallows, while in bison wallows 
(both new and established) native plant cover was similar in plots at the edges and 1m from 
wallows (Fig. 5), suggesting that bison activity impacts a larger area around wallows than just 
115 
 
the site of soil  disturbance.  However, this effect may take several years to become evident, 
given that only the established bison wallows at Neal Smith NWR had native cover that was 
significantly different from control plots at the same site.   
     Our study indicates that bison may have a positive effect on the proportion of forb cover at 
wallow sites, because forb cover was greater at edges of bison wallows than artificial wallows 
(Fig. 7).  However, physical disturbance to soil alone also increased forb cover (Fig 6), thus soil 
disturbance alone may create conditions favorable for colonization by species that would 
normally be outcompeted by dominant grasses.   
     Species richness (S) of new artificial wallow plots more than doubled in the first year of 
establishment, but tracked changes seen in older bison wallows during the third survey year. 
Richness of artificial wallow sites was not significantly different from that of controls, but 
richness was significantly lower in bison wallows compared to undisturbed controls.  While the 
number of plant species growing at the local scale of bison wallows was less than in 
undisturbed prairie, many of the species were unique to wallow sites and increased the overall 
diversity of the prairie.  Both tallgrass prairie sites with bison had greater total species richness 
than the prairie site without bison.  Plant species diversity (H’) and evenness (J’) of new artificial 
wallows plots increased over time, but changed little in established bison wallows.  A study of 
plant composition of  bison wallow sites in a remnant tallgrass prairie in northeastern Kansas 
also reported that diversity of plant species in wallow areas decreased over time (McMillan et 
al., 2011).  In bison wallows that were fenced to prevent further disturbance and allow plants to 
recolonize bare soil, a wide range of vegetation classes were identified in greater abundance at 
the edges of wallows than in adjacent undisturbed prairie during the first year of monitoring.  
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By the third year of the study, only perennial forbs and grasses were more abundant at the 
edge of wallows than in adjacent prairie (McMillan et al., 2011).  Historic bison wallows (unused 
for > 150 years) were also reported to have lower plant species richness and diversity than 
recently active wallows (McMillan et al., 2011).   
     The unique species that colonized the disturbed soil of bison wallows at both grazed sites, 
were primarily native plants.  However, the proportion of non-native plant cover was 
significantly greater at bison wallow sites than at artificial wallow sites at Neal Smith NWR.  The 
greater levels of disturbance associated with grazing and trampling around bison-created 
wallows may facilitate the germination and establishment of non-native plants in agriculture-
dominated landscapes, such as our study sites, that are subject to propagule pressure of non-
native species present within prairie restoration sites and in surrounding fields.   
     Frequency of fire in remnant or restored grasslands may also have important interactions 
with soil disturbance caused by bison.  In a study of tallgrass prairie vegetation response to 
controlled fire and bison activity in Kansas, annual species and non-native species had 
significantly greater cover in bison wallows than in adjacent grazed prairie, and in annually 
burned sites compared to those burned at 4 year intervals (Trager et al., 2004).  Plant seedlings 
that established in the bare soils of both bison wallows and artificial wallows during our study, 
were a mix of native prairie species, primarily forbs, and non-native species that are typical 
weeds of agricultural fields and cracks in urban pavement.  It has been suggested that some 
rare plant species may have the same dispersal behavior as non-native, invasive species 
(Rabinowitz et al., 1984), and associations of rare plants and invasive weeds have been noted in 
several studies (Griggs, 1940; Salisbury, 1942; McNaughton &  Harper, 1960).  The presence of 
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disturbed microsites, such as bison wallows, may be necessary for the persistence of some rare 
and patchily distributed species in tallgrass prairie ecosystems, but may coincidentally facilitate 
the establishment of non-native invaders, that were not present in historic grasslands. 
     In the artificial wallow plots of the un-grazed prairie at the Neal Smith NWR, soil disturbance 
alone did not increase plant species richness to the levels seen in bison wallow plots. Total 
species richness (S) in bison wallow plots, both newly created at Dunn Ranch Prairie and older 
wallows at Neal Smith NWR, were significantly greater than that of artificial wallow plots.  
Other activities of bison, such as grazing of dominant grasses, trampling surrounding 
vegetation, or adding nutrients to soil through urine and dung, result in changes to the plant 
communities around active wallows.   
     In central and southwestern Oklahoma mixed-grass prairie sites, in addition to vegetation 
that was dissimilar from that of adjacent prairie, soil characteristics of bison wallows were also 
distinct (Polley, 1984).  Depressions of only a few centimeters caused by bison wallowing 
activity created differences in soil texture and moisture levels.  Measurements of soil nitrogen 
and phosphorus were higher, and pH was lower inside wallows than in adjacent prairie.  
Although bison wallows are more commonly located at upland sites, vegetation surveys 
indicated that bison wallows on flat uplands retain enough soil moisture to support a 
community of plants, such as Carex, Eleocharis, and Juncus spp. more commonly found in wet 
lowland sites.  Many of the plant species that we identified in surveys were found only in the 
disturbed ground of wallows, and resulted in increased total diversity of these prairie sites.  This 
enhanced diversity may persist over long time periods.  In Oklahoma, plant composition 
measured at inactive bison wallows (unused for > 5 years) was still similar to that of active 
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wallows (Polley, 1984).  In northeast Kansas, the plant species composition of historic bison 
wallows in tallgrass prairie was significantly different from that of adjacent prairie, even after 
125 years without bison disturbance (Gibson, 1989). 
     Physical disturbance of soil at artificial wallow sites did result in increased plant species 
richness, compared to undisturbed control plots 25m away.  Although diversity of plants was 
greater in bison-created wallows, species richness and forb cover in the artificial wallow plots 
was greater than that of un-grazed control plots at the same site, therefore, creating bare soil 
disturbances in reconstructed prairies without bison may be enough to increase the diversity of 
plant species, as well as the spatial patterns of plant distribution. The results of this study 
provide a mechanistic understanding of the effect of wallowing behavior by bison on prairie 
community dynamics, and may lead to development of novel techniques to establish rare, 
native forb species in reconstructed and restored tallgrass prairies.    
     We have demonstrated that soil disturbances resulting from bison wallowing behavior can 
increase plant species richness in reconstructed and restored tallgrass prairies, both at the local 
scale (0.25m2 ) and the field scale (total S).  The presence of bison wallows in reconstructed and 
restored tallgrass prairies increased total plant species richness by up to 15% (12 of 80 species), 
and artificial wallows increased total species richness by 28% (18 of 65 species) in un-grazed 
prairie plots.  In studies of bison grazing and plant recruitment in reconstructed tallgrass prairie, 
grazing alone did not lead to any successful establishment of uncommon species without 
substantial seed additions (Wilsey &  Martin, 2015).  In prairies grazed by bison, or with 
management practices that replicate the effects of bison grazing and wallowing, plant diversity 
may be increased by adding substantial amounts of seed of desired plant species to disturbance 
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sites.  Replicating this form of directed dispersal has the potential to greatly enhance 
subsequent recruitment rates and positively affect native plant population dynamics. 
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Tables 
Table 1.  ANOVA results (F[P]) for target species cover, native plant cover, forb cover, and 
species richness (S) in bison wallow plots and artificial wallow plots in tallgrass prairies at Neal 
Smith National Wildlife Refuge, Iowa, USA.  df = degrees of freedom. Seed Addition = seed 
additions or no seeds added.  Disturbance = wallow disturbance or undisturbed prairie control. 
Bison = bison-created wallow or artificial wallow.  Year = 2012, 2013, 2014.  Significant effects 
are in bold.   
Term df Target species  Native plants Forbs (S) 
Seed Addition 
(A) 
1, 34 0.08 (0.78) 0.25 (0.62) 0.16 (0.69) 0.97 (0.33) 
Disturbance (D) 1, 34 0.45 (0.51) 19.7 (< 0.0001) 11.7 (0.002) 17.0 (0.0002) 
Bison (B) 1, 34 0.61 (0.44) 23.3 (< 0.0001) 0.25 (0.62) 30.0 (< 0.0001) 
Year (Y) 2, 14 0.56 (0.58)  0.76 (0.47) 1.9 (0.16) 3.0 (0.06) 
B Χ D 1, 34 1.48 (0.23)  0.88 (0.35) 4.8 (0.035) 2.3 (0.14) 
B Χ Y 2, 14 0.64 (0.54) 10.0 (0.0002) 5.7 (0.005) 4.4 (0.018) 
D Χ Y 2, 14 1.5   (0.26)   7.5 (0.0014) 6.9 (0.002) 6.3 (0.004) 
D Χ B Χ Y 2, 42 1.31 (0.3) 7 (0.002) 4.4 (0.016) 1.88 (0.17) 
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Table 2.  ANOVA results (F[P]) for native plant cover, forb cover, species richness (S), Shannon 
diversity (H’) and evenness (J’) in established bison wallow plots, new bison wallow plots, and 
new artificial wallow plots in tallgrass prairies at Neal Smith National Wildlife Refuge, Iowa, USA 
and Dunn Ranch Prairie, MO, USA.  df = degrees of freedom. Disturbance = wallow disturbance 
or undisturbed prairie control. Prairie Site = Neal Smith bison wallow, Dunn Ranch bison 
wallow, Neal Smith artificial wallow. Year = 2012, 2013, 2014. Location = inside, edge, 1m from 
wallow. Topographic Position = hilltop, mid-slope, lowland.  Significant effects are in bold.   
Term df Native plants Forbs (S) (H’) (J’) 
Disturbance (D) 1,40 18.4 (< 0.0001) 4.6 (0.034) 22.5 (< 0.0001) 69.7 (< 0.0001) 171.5 (< 0.0001) 
Prairie Site (P) 2,39 17.6 (< 0.0001) 6.9 (0.002) 15.1 (< 0.0001) 2.3 (0.11) 23.5 (<0.0001) 
Year (Y) 2,81 0.3 (0.74) 0.8 (0.44) 2.5 (0.09) 4.4 (0.014) 3.0 (0.056) 
Location in 
wallow plot (L) 
2,233 14.9 (< 0.0001) 0.3 (0.74) 142.1 (< 0.0001) 351.9 (< 0.0001) 215.5 (< 0.0001) 
Topographic 
Position (T) 
2,78 0.3 (0.74) 1.4 (0.25) 1.0 (0.36) 0.7 (0.5) 0.7 (0.52) 
L Χ P 4,222 3.2 (0.012) 4.5 (0.002) 9.0 (< 0.0001) 9.9 (< 0.0001) 1.5 (0.21) 
L Χ Y 4,225 9.8 (< 0.0001) 4.6 (0.001) 2.4 (0.053) 5.7 (0.0002) 1.5 (0.21) 
P Χ Y 4, 76 6.4 (< 0.0001) 2.4 (0.053) 3.4 (0.013) 4.5 (0.002) 11.8 (< 0.0001) 
P Χ T 4,80 1.5 (0.22) 0.66 (0.62) 2.8 (0.03) 1.7 (0.16) 1.6 (0.2) 
L Χ D 2,233 11.6 (< 0.0001) 0.3 (0.74) 150.6 (< 0.0001) 359.5 (< 0.0001) 207.2 (< 0.0001) 
D Χ Y 2,80 2.1 (0.13) 2.1 (0.13) 5.7 (0.004) 14.9 (< 0.0001) 1.7 (0.2) 
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Table 3. Total species richness (S) and most common plant species in in established bison 
wallow plots, new bison wallow plots, and new artificial wallow plots in tallgrass prairies at Neal 
Smith National Wildlife Refuge, Iowa, USA and Dunn Ranch Prairie, MO, USA.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Wallow 
Plots 
(S) 
Control 
Plots 
(S) 
Total 
(S) 
Most common species 
wallow plots 
Most common species 
control plots 
Neal 
Smith 
Artificial 
n=212  
59 47 65 Andropogon gerardii 
Bromus inermis 
Schizachyrium scoparium 
Schizachyrium scoparium 
Andropogon gerardii   
Bromus inermis 
Neal 
Smith 
Bison 
n=212 
60 66 78 Poa pratensis 
Trifolium pratense 
Bromus inermis 
Andropogon gerardii 
 Poa pratensis 
Trifolium pratense 
Dunn 
Ranch 
Bison 
n=165 
73 68 80 Festuca arundinacea 
Ambrosia artemisiifolia  
Lotus corniculatus  
Festuca arundinacea 
Lotus corniculatus 
Apocynum sibiricum  
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Figures 
 
 
 
 
Figure 1.  Mean proportion of native plant cover in bison wallow and control plots and artificial 
wallow and control plots at the Neal Smith National Wildlife Refuge, Iowa, USA.  N = 1,224 
quadrats. Vertical bars represent one standard error of the mean.   
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Figure 2.  Mean proportion of forb cover in bison wallow and control plots and artificial wallow 
and control plots at the Neal Smith National Wildlife Refuge, Iowa, USA.  N = 1,224 quadrats. 
Vertical bars represent one standard error of the mean.   
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Figure 3.  Mean species richness (S) in bison wallow and control plots and artificial wallow and 
control plots at the Neal Smith National Wildlife Refuge, Iowa, USA.  N = 1,224 quadrats. 
Vertical bars represent one standard error of the mean.   
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Figure 4.  Mean proportion of native plant cover at wallow sites and undisturbed control sites, 
in prairie with and without bison.  Neal Smith National Wildlife Refuge, Iowa, USA and Dunn 
Ranch Prairie, Missouri, USA, 2012-2014. N = 1,224 quadrats. Vertical bars represent one 
standard error of the mean.  Among treatment sites wallow plots with the same letter are not 
significantly different.  Within treatment sites, * indicates significant differences in wallow and 
control plots. 
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Figure 5.  Mean proportion of native plant cover at wallow sites, in prairie with and without 
bison.  Neal Smith National Wildlife Refuge, Iowa, USA and Dunn Ranch Prairie, Missouri, USA, 
2012-2014. N = 1,224 quadrats. Vertical bars represent one standard error of the mean.  Within 
treatment sites, wallow locations with the same letter are not significantly different. 
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Figure 6. Mean proportion of forb cover at wallow sites and undisturbed control sites, in prairie 
with and without bison.  Neal Smith National Wildlife Refuge, Iowa, USA and Dunn Ranch 
Prairie, Missouri, USA, June and August 2012-2014.  N = 1,224 quadrats.  Vertical bars are one 
standard error of the mean.  Both within and among treatments, plots with the same letter are 
not significantly different.  
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Figure 7.  Mean proportion of forb cover at wallow sites, in prairie with and without bison.  
Neal Smith National Wildlife Refuge, Iowa, USA and Dunn Ranch Prairie, Missouri, USA, 2012-
2014. N = 1,224 quadrats. Vertical bars represent one standard error of the mean.  Within a 
treatment site, wallow locations with the same letter are not significantly different. 
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Figure 8.  Mean species richness (S) by location in bison wallow and artificial wallow plots in 
tallgrass prairie.  Neal Smith National Wildlife Refuge, Iowa, USA and Dunn Ranch Prairie, 
Missouri, USA, June and August 2012-2014.  N = 1,224 quadrats.  Vertical bars are one standard 
error of the mean.  Within treatment sites, wallow locations with the same letter are not 
significantly different.  
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Figure 9.  Mean species richness (S) by topographic position in bison wallow and artificial 
wallow plots in tallgrass prairie.  Neal Smith National Wildlife Refuge, Iowa, USA and Dunn 
Ranch Prairie, Missouri, USA, June and August 2012-2014.  N = 1,224 quadrats.  Vertical bars are 
one standard error of the mean.  
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Figure 10.  Mean species diversity (H’) by location in bison wallow and artificial wallow plots in 
grazed and un-grazed tallgrass prairie.  Neal Smith National Wildlife Refuge, Iowa, USA and 
Dunn Ranch Prairie, Missouri, USA, June and August 2012-2014.  N = 1,224 quadrats.  Vertical 
bars are one standard error of the mean.  Within treatment sites, wallow locations with the 
same letter are not significantly different. 
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Figure 11.  Mean species evenness (J’) by location in bison wallow and artificial wallow plots in 
grazed and un-grazed tallgrass prairie.  Neal Smith National Wildlife Refuge, Iowa, USA and 
Dunn Ranch Prairie, Missouri, USA, June and August 2012-2014.  N = 1,224 quadrats.  Vertical 
bars are one standard error of the mean.  Within treatment sites, wallow plots with the same 
letter are not significantly different. 
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CHAPTER 5.  CONCLUSION 
     This study provides new information about the role of bison as seed dispersal agents in 
tallgrass prairie ecosystems.  We identified a diverse mix of seed morphologies attached to 
bison hair, in shed hair, and in bison dung, which suggests that bison are generalist dispersers 
of both forbs and graminoids.  The abundance of seeds dispersed by bison is best explained by 
the phenology of seed production and the seed release height of both native and non-native 
plant species.  Despite exposure to large numbers of non-native seeds at this study site, bison 
disperse significantly greater amounts of native seed than non-native seed by epizoochory, and 
many of these seeds remain attached to bison hair for more than 5 months.  Bison disperse 
seeds via shed hair outside of the normal periods of abiotic seed rain for many species.  Almost 
half of the seeds attached to bison hair in the fall (primarily forbs) are dispersed over the winter 
months.  This extension of the dispersal window, which is similar to the prairie restoration 
practice of frost seeding, may give seeds a competitive advantage in some circumstances.  The 
highly mobile nature, and long, dense hair of bison makes them uniquely suited as long distance 
dispersal vectors for native tallgrass prairie species.  Bison may also transport a large numbers 
of non-native seed species in dung.  At our study site, seeds present in bison dung are ingested 
incidentally along with graminoid leaves and reflect the abundance of non-native seeds from 
abiotic seed rain on the ground.  For some graminoid species with low seed release heights and 
hard-coated seeds this may provide empirical evidence for the “foliage is the fruit” hypothesis.  
However, germination tests suggest that less than 10% of all seeds would be viable after 
chewing and digestion by bison.  
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     Vegetation surveys revealed that species richness and forb cover in un-grazed tallgrass 
prairie reconstruction sites were consistently lower than in bison-grazed prairie over several 
growing seasons.  Variability in plant cover between growing seasons at our study site was 
greatly influenced by changing weather conditions from year to year.  Not surprisingly, the 
native grass Schizachyrium scoparium (little bluestem), which often grows in dry soils in 
remnant tallgrass prairies, increased in total cover during the drought year 2012.  However, the 
most abundant plant species in 2012 were still nonnative cool season grasses.  The non-native 
legume Trifolium pratense (red clover) more than doubled in proportion of total cover from 
2011, but drought tolerance of this clover is very high when it occurs on deep soils, due to 
extensive root depth (Frame et al., 1998).  In bison-grazed prairie, during all years surveyed, 
aerial cover of non-native species, primarily C-3 grasses, was greatest in June sampling 
quadrats, while native plant species, mostly C-4 grasses, had the greatest amount of cover in 
August surveys.   
     Bison activities impact large areas around wallows and create changes to plant composition 
that cannot be replicated by soil disturbance alone.  However, our results suggest that creating 
bare soil disturbances in un-grazed prairies can increase forb cover at microsites and create 
spatial heterogeneity among plant populations.  Further studies following the growth and 
survival of plants dispersed by bison are needed for a more complete understanding of the 
importance of epizoochory and endozoochory to the ﬁtness of tallgrass prairie plants.  Research 
that quantifies the establishment of uncommon prairie forb species from large seed additions 
to replicated bison wallows would be valuable for the development of techniques to increase 
plant diversity in reconstructed grasslands. 
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     Through the course of this research, we detected an interesting pattern of in the phenology 
of bison hair shedding.  The majority of shed hair collected throughout the spring and summer 
months were clumps of brown-colored body hair, with abundance on transects peaking in May 
and becoming less frequent by August, as the majority of hair from the previous winter had 
been shed.  We noted an increase in shed hair abundance in September 2011, but all hair 
samples were black-colored, indicating the hair had come from the head or the legs of bison.  
Black hair was located on transects again in October and November of 2011 and this pattern 
repeated in the fall of 2012 and 2013.  Hair length in adult male bison may be a fitness 
indicator, similar to antlers in cervids.  The “beards” of adult male bison are noticeably shorter 
in winter than in mid-summer, during the peak of the rut (P. Eyheralde, personal observation).  
It’s conceivable that like the post breeding season shedding of antlers, male bison are shedding 
unneeded “breeding coats” in fall, as new winter hair grows.  Further research is needed to 
broaden our understanding of the phenology of hair shedding in bison.  While we are uncertain 
whether black shed hair collected was from male or female bison, noninvasive DNA samples 
have been used for sex identification of a variety of wildlife species (Riviere-Dobigny et al., 
2009; Sastre et al., 2009; Kim et al., 2012; Goossens &  Salgado-Lynn, 2013; Wilbert et al., 
2015), and these techniques could easily be applied to this type of study.  
     There is still much to be learned about the impacts of bison-mediated seed dispersal in 
tallgrass prairies historically, as well as how this process may have contributed to the genetic 
diversity of plant species in of tallgrass prairie remnants today.  Although plants are stationary 
organisms their genes move (Jordano, 2010).  Gene flow between populations in plants is 
facilitated by a combination of seed dispersal and pollen, and a more complete understanding 
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of these processes are necessary for making predictions about changes induced by habitat 
fragmentation and changing climate (Ismail et al., 2012).  Until recently, most available genetic 
testing of pollen and seed gene flow rates were for wind pollinated and wind dispersed seed 
species.  As a result, most research indicates that gene flow among plant populations is directly 
related to rates of pollen dispersal (Petit et al., 2005).  However, the potential for long distance 
dispersal of tallgrass prairie seeds by bison may provide evidence contrary to these results 
(Constible et al., 2005; Rosas et al., 2008). 
     In this study of bison-mediated seed dispersal we have found that Sorghastrum nutans 
(Indian grass), a dominant warm season perennial grass, is the most common seed species 
attached in shed bison hair.  Sorghastrum nutans is a tetraploid outcrossing autopolyploid 
species of the tallgrass prairie ecosystem (Gustafson et al., 2004).  Genetic analyses of 
Sorghastrum nutans seeds from remnant and reconstructed prairies have indicated that 
estimates of genetic diversity of plants from small populations are as diverse as those from 
large populations.  Principle components analysis of randomly amplified polymorphic DNA 
(RAPD) band frequencies reveal that genetic variation is primarily retained (87.8%) within 
remnant prairies rather than among populations from a wider geographic range; for example, 
Sorghastrum nutans populations sampled in Kansas are genetically distinct from remnant 
populations in Illinois prairies (Gustafson et al., 2004).  An estimated Fst (the average inbreeding 
coefficient of subpopulations relative to the total population) value of 0.121 averaged over all 
loci, shows moderate genetic differentiation (P < 0.001) among Sorghastrum nutans 
populations sampled (Gustafson et al., 2004).  It has been suggested that founder events 
141 
 
associated with recolonization (such as long distance bison-mediated dispersal) should increase 
the differentiation (Fst) among subpopulations (Wright, 1940). 
     In flowering plants, such as Sorghastrum nutans, nuclear genes are dispersed biparentally, 
via haploid pollen and diploid seed, while haploid mitochondrial and chloroplast genes are 
dispersed only maternally, via seed.  This provides a useful measure of population 
differentiation (Wright’s Fst ) for comparing genes with distinct modes of inheritance.  The value 
of Fst should be related to the relative levels of pollen and seed migration between populations 
(Ennos, 1994).  The effective migration rate of chloroplast and mitochondrial DNA is influenced 
by whether a plant species produces male and female flowers on separate individual plants or 
together on the same plant.  Genetic differentiation and gene flow of nuclear genomes is 
influenced by the dispersal of both pollen and seed, but not by a species’ flowering structure.  
Sorghastrum nutans is a self-incompatible autopolyploid species, and as such the effective 
pollen migration rate should be relatively high, allowing this species to maintain similar Fst 
levels among subpopulations. 
       The ratio of pollen to seed flow varies between long and short-distance migration.  The 
relative importance of pollen flow declines as distance between populations increases 
(McCauley, 1997).  In diploid species seed dispersal contributes twice as much to gene 
migration as pollen dispersal when rates of pollen and seed gene flow are equal. Therefore, for 
a tetraploid species like Sorghastrum nutans, seed gene flow could potentially have a much 
greater influence on genetic variation among populations than pollen gene flow (Hamilton &  
Miller, 2002).  Further research is needed to investigate impacts of historic long distance seed 
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dispersal in tallgrass prairies, as well as how the absence of bison-mediated dispersal may affect 
future rates of gene flow in these fragmented plant communities.  
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